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Abstract 


The ionic complexes [Cp,Mo,(CO),{ u-n?:7?-HC=C-—C(H\Fc)} BF, } (1) and [(Cp, Mo,(CO),( p-n?:n?-HC=C-C(H)}, Fel{BF,}, } 
(5) react with Na—Hg in toluene solution. The results are interpreted in terms of a radical mechanism involving intramolecular and 


intermolecular coupling reactions. 


Keywords: Carbenium ions; Molybdenum clusters; Ferrocenyl; Ferrocenophane 





1. Introduction 


Recently we have been interested in the reactivity of 
carbon-centred organometallic radicals formed from the 
carbenium ions [Cp,Mo,(CO),{ u-n*:n?-HC=C- 
C{R,XR,)}]* [1,2]. Free radical intermediates are as- 
sumed to be present during the reductive dimerization 
of such compounds (Scheme 1) [1-3]. The structures of 
the dimers [Mo,Cp,(CO),( u-n?:n?-HC=CCH,-)}, [3] 
and [Mo,Cp,(CO),( u-n?:n?-HC=CC(HXEt)-], [2] 
were established by X-ray diffraction. The work also 
shows that for the best results in the coupling reactions 
the R, and R, groups should be free from acidic 
protons: for example, if R, = R, = Methyl or Cyclo- 
hexyl, the formation of y-enyne complexes [Cp,Mo,- 
(CO),{ u-7?:n?-HC=C-—C(R) = C(R’ XR" )}] is favoured 
(Scheme 1 (b)). 

Similar reactions of ferricinium ions involving a 
carbonium-ion-centre C* stabilised by an organometal- 
lic fragment have been known for many years [4]. They 
are interpreted as proceeding through the reduction of 
the ferricinium ion by electron transfer from the reduc- 
ing agent with the formation of a radical, followed by a 
coupling reaction to produce a dimer. More recently, 
photolysis of ferrocenyl ethers has been shown to give 


* Corresponding author. 
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ferricinium ion radicals that can dimerise or abstract a 
proton from the solvent [5]. 

Here, we describe coupling reactions involving free 
radical intermediates of the carbenium ions 
[Cp,Mo.(CO),{ u-n?:n?-HC=C-C(R, XR,)}]* with a 
ferrocenyl group (R, = Fe(C,H,)Fe(C,H,)). The car- 
bon atom bearing the positive charge is adjacent both to 
a ferrocenyl group and an acetylenic cluster. Such com- 
pounds, lacking any acidic protons (R, = Fc and R, = 
H), cannot give y-enyne complexes. The nature of the 
stabilisation of the C* atom has already been discussed 
for the complex [Cp,Mo,(CO),{ u-7?:n*-CH,(CH,),— 
C=C-—C(H\Fc))][BF, } [6]. 


2. Results and discussion 


2.1. Reduction of [Cp,MoCO),{ p-n’?:’-HC =C- 
C(H)(Fe)}](BF,] (D 


Treatment of [Cp,Mo,(CO),{ u-n?:n°?-HC=C- 
C(H\(Fc)}][ BF, ] (1) (Scheme 2) with Na—Hg (in toluene 
18°C, 18 h) gives a mixture of [Cp,Mo,(CO),{ p- 
n?:9?-HC=C-C(H),(Fe)}] (2) (yield 23%), [{Cp,- 
Mo.(CO),)}.( -79?:n?-HC=C-—C(H\ Fe)—C(HFe)—C 
=CH)] (4) (yield 7%) and [Cp, Mo,(CO),{ p-o :7°-HC- 
CH= C(HXFc)}] (3) (yield 10%), which can easily be 
separated (SiO,, CH,Cl,—hexane). The compounds (2) 
and (4) result from a typical radical mechanism; com- 
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pound (4) comes from a coupling reaction between two 
free radicals (an intermolecular coupling reaction) and 
compound (2) is formed by abstraction of protons from 
the solvent or traces of moisture. Complex (4) contains 
two asymmetric centres, and the dl /meso diastereomers 
obtained in equal amount cannot be separated. Product 
(3) probably comes from fragmentation or rearrange- 
ment reaction of the y-alkyne complex (2) which may 
react with the excess Na. Such processes were discussed 
previously for the reduction of y-enyne [1,2] or p-al- 
kyne complexes [7]. 


Eqna-ion (a) 














2.2. Reduction of [{Cp,Mo,(CO),( u-n?:n’-HC=C- 
C(H)}, Fe] [{BF,},] (5) 


The reaction of Na—Hg with the dication [{Cp,- 
Mo,(CO),( u-7?:n?-HC=C-—C(H)}, Fe][{BF,},] (5) 
(Scheme 3) yields a mixture of products which can be 
separated by column-chromatography on silica. Use of 
the above conditions in the case of dication (5) again 
gives both coupling and H-atom abstraction, to form 
compounds (6) and (7). The two main features are that 
(a) complex (6) is obtained by an intramolecular radical 
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process (unlike the formation of (4) which involved an 
intermolecular radical process), and (b) only one di- 
astereomer is obtained (diastereoselectivity 100%). 

This reaction generates chiral carbon atoms a to the 
organometallic moieties, and as a consequence the 'H 
NMR spectrum of (6) displays two signals for cyclopen- 
tadieny! ligands linked to molybdenum atoms; the 
C,H.—Mo groups are diastereotopic [8]. Moreover, all 
the protons of the C,H,—Fe ring display different chem- 
ical shifts (ABCD spin system) as expected for 
molecules with a stereogenic carbon atom [9]. Com- 
pound (6) is an ansa-ferrocene with two carbon atoms 
as bridging substituents; it belongs to the [2] (1,1') 
ferrocenophane class of compounds which attract much 
attention because of their ability to give access to 
polyferrocenylethylenes by ring-opening polymerization 
[10]. These results have to be compared with those for 
reductive cyclization of Co,(CO),-complexed propargy! 
cations which provided a new route to cycloalkadiynes 
by a radical intramolecular process [11]. 

Preliminary electrochemical studies on (6) show that 
the presence of a C—C bond has a marked influence on 
the mechanism of oxidation, making it a quasi-reversi- 


ble process (Ep,, = —0.08 V versus ferrocene) leading 
to the dication (5). In contrast, two reversible oxidations 
were observed in the case of 1,1,12,12-tetramethyl- 
[1.1]silaferrocenophane [12] and its carbon or tin ana- 
logue [13]. More complete electrochemical studies of 
the behaviour of the various carbenium ions, including 
the nature of the radical intermediate, are in progress in 
our laboratory. 

Recent examination by McClain et al. [14] of the 
reduction of the dicarbenium complex (A) [Cp,Mo,- 
(CO),(CH,CCCH, )IIBF, |, with Na—Hg in the hope of 
making a polymer was unsuccessful, whereas reduction 
of the monocarbenium complex (B) [((C,H,Me),Mo,- 
(CO),( u-n*:7?-HC=C-CH, )[BF,] [3] gave a C-C 
coupled product. Unlike that in (B), the LUMO of the 
dicarbenium complex (A) places no electron density on 
the ligand upon reduction, so avoiding C—C coupling 
reactions. Complex (A) is a binuclear compound with a 
‘C,H,’ ligand, whereas the dication (5) [(Cp,Mo,- 
(CO),( u-?:9?-HC=C-C(H)},Fe][{BF,},] is a tetranu- 
clear compound that can be considered as two inde- 
pendent carbenium complexes linked by a ferrocenyl 
substituent. Therefore the behaviour of (5) in one elec- 
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tron reduction is expected to be closer to compound (B) 
than to (A). A C—C coupling reaction occurs fortunately 
by an intramolecular process; in the case of an inter- 
molecular process, the reaction would probably have 
been uncontrollable. 

In conclusion the results described above show how 
carbenium ions stabilized by [Cp,Mo,(CO),] can be 
used as precursors of dimers [Mo,Cp,(CO),( y-n*:?- 
HC=CC(R,XR,)—)], by inter- or intramolecular C—C 
coupling. 


3. Experimental details 
3.1. General 


All reactions and purifications were performed under 
dinitrogen using Schlenk techniques. The solvents were 
freshly distilled under dinitrogen from sodium—benzo- 
phenone for toluene and from CaH , for dichloromethane 
and hexane. 

The infrared spectra were obtained with a Perkin— 
Elmer 1430 spectrometer, using solutions in CHCl, or 
KBr pellets. Infrared frequencies are reported in 
wavenumbers (cm~'). 

The 'H and “°C NMR spectra were recorded on a 


; 
Ma] “ 


O 
2\h 


if 


H—e< 


Bruker AC 300 instrument ('H, 300.13 MHz; “°C, 
75.47 MHz). Chemical shifts are reported as 5 in units 
of parts per million (ppm) relative to a tetramethylsilane 
internal reference. Coupling constants are reported in 
hertz. 

The starting materials (1) and (5) were prepared by 
treating the alcohol precursors [Cp,Mo,(CO),{ u- 
n’:7’-HC=C—C(HXOHFc)}] and [{Cp, Mo,(CO),( y- 
n’:7?-HC=C-—C(HXOH)}, Fe] [15] with an excess of 
HBF, by the standard procedure used for the carbenium 
ions stabilized by [Cp, Mo,(CO), } [6,16]. 


3.2 Reduction of compound [Cp,Mo,(CO),{ u-n?:n’- 
HC =C-C(H)(Fe)}](BF,] (1) 


To a 2% Na—Hg amalgam prepared from 0.3 g of Na 
and 14.7 g of Hg was added a suspension of 
[Cp,Mo,(CO),{ u-n :7°-HC=C-C(H)(Fe)} [BF,} (1) 
(2 g, 2.7 mmol) in 60 ml of toluene. The mixture was 
stirred at room temperature for 18 h. After filtration, the 
solvent was removed from the filtrate in vacuo and the 
residue was chromatographed on silica gel using mix- 
tures of hexane—dichloromethane as eluent. 

The first red band eluted with hexane—dichloro- 
methane (70:30 in volume) was shown to contain com- 
pound (2) (0.41 g, yield 23%). 





Na/Hg 
— [+ ©] 
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The second band containing the red complex (4) 
(0.12 g, yield 7%) was eluted with hexane—dichloro- 
methane (30:70). 

The third orange band, eluted with dichloromethane, 
gave complex (3) (0.18 g, yield 10%). 

Spectroscopic data for [Cp,Mo,(CO),{ u-n?:n’- 
HC=C-C(H),(Fo)}} (2): 

'H NMR (CD,Cl,): 5.81 (s, 1H, HC3); 5.13 (s, 10H, 
2 C,H,- Mo); 4.08 (s, SH, C,;H,—Fe); 3.94 (t, 2H, 
(H2’-5’), *J(H-H) = 1.85); 3.88 (t, 2H, (H3’-4’), 
*J(H-H) = 1.85); 3.53 (s, 2H, CH,). “C NMR 
(CD,Cl,): 233.5 (CO); 91.5 (C,H,—-Mo); 90.2 (CY); 
88.7 (C3); 88.3 (C2); 68.8 (C,H.—Fe); 67.7 and 67.6 
(C,H,, C2’, C3’, C4’, C5’); 36.4 (CH,). IR (CH,Cl,): 
v(CO): 1995, 1900, 1825. Anal. Found: C, 48.76; H, 
3.27. C,,H,,FeMo,0,. Calc.: C, 49.27; H, 3.37%. 

Spectroscopic data for [Cp,Mo,(CO),{ u-o :n°-HC- 
CH= Q(HX(Fe)}] (3): 

'H NMR (acetone d,): 10.15 (dd, 1H, Ha, J(Ha— 
Hb) = 8.8; J(Ha- Hc) = 1.0); 6.5 (dd, 1H, Hb, *J(Hb- 
Ha) = 8.8; *J(Hb—Hc) = 10.6); 5.4 (s, SH, C,H.—Mo); 
5.3 (s, SH, C;H,—Mo); 2.5 (d, 1H, He, 1(Hb—He) = 
11.0); 4.1 (m, 4H, C,H,); 4.16 (s, SH, C;H,-Fe). °C 
NMR (acetone d,): 250.2, 246.8, 242.0 and 241.3 (a 
CO); 168.1 (Ca, ‘4, 'J(C-Ha) = 144.3); 131.8 (Ce, d, 


'(C—He) = 164.4); 129.4 (Cb, d, 'J(C—Hb) = 162.9); 
95.8 (C.Hs- ~Mo, d, 'J(C-H) = 176.0); 92.9 (C,H.- 


Mo, d, J(C-H) = 178.6); 84.0 (CI’); 70.1 (C .H.- Fe, 
d, 'J(C-H) = 175.6); 69.9, 69.3, 68.1 and 65.9 (C sH,, 
C2’, C3’, C4’, CS’, d, 'J(C-H) = 174.8). IR (CH,C1,) 
v(CO): 1940, 1900, 1835. Ca, Cb and Cc represent the 
carbon atom bearing the Ha, Hb and Hc protons respec- 
tively (Scheme 2). Anal. Found: C, 49.71; H, 2.96. 
C,,H,,FeMo,0,. Calc.: C, 49.27; H, 3.37%. 

Spectroscopic data for [{Cp,Mo,(CO),}( u-n*:n?- 
HC=C-—C(H\Fe)—C(H\Fe)—-C=CH)] (4): 

'H NMR spectrum consists of two sets of peaks of 
about equal intensity, one set corresponding to the 
R*S* compound and the other to the SS-— -RR com- 
pound. Attempts to obtain a high quality * °C NMR 
spectrum of (4) were unsuccessful owing to its very 
poor solubility in a range of deuterated solvents. 'H 
NMR (THF d,): 7.57 (s, 4H, HC3); 5.64 (s, 10H, 2 
C,H,—Mo); 5.47 (s, 10H, 2 C,H,—Mo); 5.29 (s, 10H, 2 
C,H,—Mo); 4.90 (s, 10H, 2 C,H,—Mo); 4.42 (s, 10H, 2 
C,H,—Fe); 4.26 (s, 10H, 2 C;H,—Fe); 5.68, 5.10, 4.87, 
4.66, 4.63, 4.26, 4.25, 4.13, 3.99, 3.95 (m, C,H, and 
HC1). IR (THF): v(CO): 1985, 1900, 1890, 1830. Anal. 
Found: C, 48.90; H, 3.33. C.,H,,Fe,Mo,O,. Calc.: C, 
49.35; H, 3.22%. 


3.3. Reduction of compound [{Cp,Mo,(CO),( u-n’:n?- 
HC =C-C(H)},(Fco)][BF,], (5) 


The procedure described for compound (1) was used: 
a suspension of [{Cp,Mo,(CO),( u-n*:n’-HC=C- 


C(H)},(Fo)[BF,}, (5) (1.5 g, 1.15 mmol) in 50 ml of 
toluene was added to 15 g of 2% Na—Hg amalgam. 
After stirring 18 h and filtration, the solution was 
filtered and solvent removed in vacuo to leave a residue 
which was chromatographed on silica gel with using 
mixtures of hexane and dichloromethane as eluent. 

The first red band was eluted with hexane—dichloro- 
methane (60:40) and gave compound (7) (0.27 g, yield 
21%). 

The second band eluted with hexane—dichloro- 
methane (40:60) yielded compound (6) (0.23 g, 18%). 
Owing to the rather similar chromatographic properties 
of the products, elutions had to be developed very 
slowly. 

Spectroscopic data for [{Cp,Mo,(CO),( u-n?:n?- 
HC=C-O(H)-},(Fo)] (6): 

'H NMR (acetone d,): 6.11 (s, 2H, 2 HC3); 5.40 (s, 
10H, 2 C,H,—Mo); 5.30 (s, 10H, 2 C,H.—Mo); 4.72 (s, 
2H, 2 HC1); 4.92 (m, 2H), 4.56 (m, 2H), 4.05 (m, 2H) 
and 3.82 (m, 2H): 2 (H2’-3’-4’-S’). IR (CH,Cl,) 
v(CO): 1995, 1910, 1830. Anal. Found: C, 46.72; H, 
3.37. C,,H,,FeMo,O,. Calc.: C, 46.84; H, 2.86%. 

Spectroscopic data for [{Cp,Mo,(CO),( u-n?:n?- 
HC=C- CH.,},(Fe)] (7): 

"H NMR (acetone d,): 6.06 (s, 2H, 2 HC3); 5.22 (s, 
20H, 2 C;H,—Mo); 3.99 (t, 4H, 2 (H2’— -5'), *J(H-H) = 
1.8); 3.96 (t, 4H, 2 (H3’-4’), “J(H-H) = 1.8); 3.62 (s, 
4H, 2 CH,). °C NMR (acetone d,): 233.6 (CO); 230.1 
(CO); 93.5 (CI’); 92.0 (C;H,—Mo); 90.5 (C3); 89.1 
(C2); 69.8 and 68.6 (C,H,, C2’, C3’, C4’, CS’); 36.5 
(CH,). IR (CH,Cl,) v(CO): 1995, 1900, 1825. Anal. 
Found: C, 45.97; H, 3.12. C,,H,,FeMo,0,. Calc.: C, 
46.75; H, 3.03%. 
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Abstract 


The reaction of (THF)W(CO), (THF = tetrahydrofuran) with asymmetrical diphosphenes carrying bulky aryl and phenoxy groups 
gave end-on-type complexes on either phosphorus atom. One of the complexes was analyzed by X-ray crystallography indicating that the 


major complex suffers less from the steric bulk. 


Keywords: Carbonyl; Chromium; Molybdenum; Phosphorus; Tungsten; X-ray diffraction 





1. Introduction 


Physicochemical properties of low coordinated phos- 
phorus compounds such as diphosphenes are of current 
interest. We have previously reported the preparation, 
characterization, and crystal structure of 1,2-bis(2,4,6- 
tri-tert-butylphenyl)diphosphene (1) utilizing the 2,4,6- 
tri-tert-butylpheny! group (abbreviated to Ar) as a steri- 
cally protecting group [1,2]. Moreover, we and others 
have also described some diphosphenes with the > N- 
P=P-— skeleton [3-5], as well as diphosphene 2 contain- 
ing the -O—P=P- skeleton [6]. We reported some 
results on the reaction of several kinds of phenoxy- 
diphosphenes with sulfur, dichlorocarbene and sele- 
nium, and now we report the results on the reaction of 
such diphosphenes having the -O—P=P-— skeleton with 
(THF)W(CO), (THF = tetrahydrofuran) to give com- 
plexes of end-on type coordination. 


2. Results and discussion 


2.1. Preparation of diphosphenes carrying bulky phe- 
noxy and the Ar groups 


Some stable diphosphenes carrying bulky phenoxy 


and the Ar groups were prepared as previously reported 
[6] as follows. Sterically hindered phenyl phospho- 


* Corresponding author. 
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rodichloridites 3a—3c were prepared from the cogsre- 
sponding phenols 4a—4c. Reaction of 3a—3e with lithium 
2,4,6-tri-tert-butylphenylphosphide [7], followed by the 
dehydrochlorination reaction with 1,8-diazabicyclo- 
[5.4.0jundec-7-ene (DBU) gave the corresponding 
asymmetrical diphosphenes 2a—2¢e (Scheme 1). 
Diphosphenes 2a—2c were stable towards air and mois- 
ture during the silica-gel column-chromatography pro- 
cedure. 

The *'P NMR spectra of the diphosphenes 2a—2c 
showed an AB pattern, unequivocally characteristic of 
asymmetrical diphosphenes. The signals due to the P“ 
of the diphosphenes 2a—2c appear at slightly higher 
field (5, = 409-411 ppm) compared with those for 1 
(5, = 490 ppm), where P* denotes the Ar-substituted 
phosphorus atom and P® denotes the other phosphorus 
atom except for the symmetrical 1. The phenoxy- 
group-substituted phosphorus atoms (P®) of 2a—2c res- 
onate at significantly low field (5, = 533-535 ppm) 
compared with the P“ for 2a—2e or P* for 1. These 


t-Bu 





D.-L. An et al. / Journal of Organometallic Chemistry 508 (1996) 7-12 


———"P 


» . 
—o=P—P— 


—o—P—p-— 
Vs 


facts can be interpreted by considering resonance struc- 
tures of the -O-P=P- 7m system involving the P=P 
double bond perturbed by the lone-pair electrons of the 
oxygen atom [3,4,6]. 


2.2. Reaction of the diphosphenes 2a-2c with 
(THF)W(CO), 


The reaction of 2a—2c with a large excess amount of 
(THF)W(CO), at room temperature in THF for 3 days 
led to the formation of the end-on complexes Sa—Sc and 
6a—6c (Scheme 2), when the starting diphosphenes 
2a—2c were completely consumed. During the reaction 
of 2 with (THF)W(CO),, two sets of AB-pattern signals 
appeared in an almost equal amount. Either peak 5,» in 
a lower field for 5 or 5,. in a higher field for 6 was 
accompanied with satellite peaks due to Sw, clearly 
indicating the position of the coordination site of the 
end-on-type coordination [8]. It seems likely that the P“ 
atom is more electron donating than P® but that 5 is 
less hindered than 6. The *' P NMR data for 2, 5 and 6 
are listed in Table 1 together with 1 as a reference. The 
two complexes 5 and 6 were isolated after silica gel 
column chromatography as a mixture of the major 5 and 
the minor 6, but attempted further purification of the 


_) ob n-BuLi 
ii) “i) PCh 


4a—c 


a: R' = R* = t-Bu; b: R' = tBu, R? = 


minor complex 6 failed. The major complexes 5 were 
successfully obtained as crystalline materials in every 
case and 5b could be analyzed by X-ray crystallogra- 
phy. Although some transition metal complexes of the 
phenoxy-substituted diphosphene with a side-on-type 
coordination or mixed side-on- and end-on-type coordi- 
nation have been reported [9,10], the complex formation 
with single end-on-type coordination such as 5 or 6 has 
not been reported so far. Similar results were obtained 
for 2b with the other Group 6 metal carbonyls such as 
chromium and molybdenum to give the end-on coordi- 
nation complexes 7b-10b. Table 1 also lists the *'P 
NMR data for compounds 7b—10b. 


2.3. Structure analysis of tungsten carbonyl complex 5b 


Fig. 1 is an ORTEP drawing [11] of Sb. Some selected 
bond lengths and bond angles are listed in Table 2 and 
Table 3 respectively. The atoms (W(1), P(1), P(2), O(1), 
C(1), C(16)) are coplanar within 0.012(2) A and the 
atoms O(6) and ©(38) are slightly off this plane by 
0.339 and 0.184 A respectively. The aromatic rings of 
the Ar and the bulky phenoxy groups are almost perpen- 
dicular to the diphosphene P=P am system, making an 
angle of 90.84° and 86.06° respectively. The dihedral 
angles of C(16)—P(2)—P(1)—O(1), ©(16)—P(2)—P(1)- 
W(1), P(2)—P(1)—O(1)—C(1) are 179.7(3)°, 1.1(3)° and 
—2.7(6)° respectively. The bond length P(1)—P(2) is 
2.025(3) A, which falls into the shortest lengths re- 
ported for diphosphenes so far [12]. The coordination 


i) ArPHLi 
——— > 
ii) DBU 


Me; ¢: R' = tBu, R? =H 


Ar = 2,4,6-t-Bu3zCgH2; DBU = 1,8-diazabicyclo[5.4.0jundec-7-ene. 
Scheme 1. 


cao _tht)M(CO)s 


R' 
5a—c (M = W) 


7b (M = Cr) 


9b (M = Mo) 


a: R' = R* = tBu; b: R' = tBu, R* = 


6a—c (M = W) 
8b (M = Cr) 
10b (M = Mo) 


Me; c: R' = tBu, R? =H 


Scheme 2. 
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Table 1 


*'P NMR data of diphosphenes 1 and 2 and the Group 6 metal carbonyl complexes 5-10 (in CDCI,) 





Compound * "Spey 
(Hz) 





Seer eget errer™ 





* p“ denotes the Ar-substituted phosphorus atom and P® denotes the other except fer 1. 


* 5, value in C.D, for 1: 492.4 [1] 


length P(1)—W(1) of 2.456(2) A is much shorter than 
2.531(2) A of [ArP=C=CPh, ]W(CO), [13], 2.506(1) A 
of [ArP=C=C=CPh,]W(CO), [14] and 2.522(6) and 
2.51715) A of [ArP=C=PAr]W(CO),], [15]. The two 
tert-butyl groups of the phenoxy moiety are disordered, 
and the structure with a dominant occupancy is shown 
in Fig. 1. 


Fig. 1. Molecular structure of 5b with atom-labeling scheme. The 
atoms C(8)—C(10) and C(13)—C(15) are disordered and the molecu- 
lar structure with a dominant occupancy (0.76) for each is shown for 
clarity. 


3. Experimental details 


All experiments were carried out under an argon 
atmosphere with dry solvents, unless otherwise speci- 
fied. All melting points were determined with a Yanagi- 
moto MP-J3 micromelting point apparatus and were 
uncorrected. 'H and °C NMR spectra were measured 
by either a Bruker AC-200P or AM-600 spectrometer. 
*'P NMR spectra were obtained with a Bruker AC-200P 
spectrometer using 85% H,PO, as an external standard. 
IR spectra were recorded on a Horiba FT-300 spectrom- 
eter. The UV-visible spectra were obtained with a 
Hitachi U-3210 spectrometer. X-ray reflections were 
recorded on a Rigaku AFC-7S four-circle diffractometer 
using graphite-monochromated Mo Ka radiation. 


Table 2 
Some selected bond distances (A) for Sb (numbers in parentheses are 
estimated standard deviations). 


W(1)-P() 2.4562) 
W(1)-C(34) = 2.0289) 
W(1)-C(35) —- 2.0629) 
W(1)-C(36) =: 2.02610) 
W(1)-C(37) =: 2.0509) 
W(1)-C(38) =: 2.0219) 
P(1)—P(2) 2.0253) 
P(1)-O(1) 1.62%5) 
P(2)—C(16) 1.858(7) 
O(1)-CU1) 1.4148) 
O(2)-C(34) 1.159) 
O(3)—C(35) 1.1249) 
O(4)-C(36) 1.151(10) 
O(S)-C(37) 1.122(9) 
0(6)—C(38) 1.145(9) 
C(1)-CQ2) 1.402(10) 
C(11)-C(6) 1.407(10) 
(2)-C(3) 1.4001) 





O(2)-C17) 
C(3)-Cl4) 
O(4)-C(S) 
O(4)-C(11) 
C(S)-C16) 
C(6)—C(12) 
0116)-C117) 
C116)-C(21) 
(17)-C(18) 
©(17)-C(22) 
O(18)-C119) 
C(19)-C(20) 
0(119)-0(26) 
(20)-C(21) 
(21)—-C(30) 


1.5701) 
1.3%1) 
1.38(1) 
1.5001) 
1.4001) 
1.55(1) 
1.42310) 
1.4249) 
1.39910) 
1.555(10) 
1.37310) 
1.372(10) 
1.535(10) 
1.401010) 
1.56(1) 
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3.1. Synthesis of diphosphenes (2a—2c) 


Diphosphenes 2 were prepared according to the 
method reported previously [6]. 

2a: yellow needles; melting point (m.p.), 186.5- 
187.5°C (hexane). *'P('H} NMR (81 MHz, CDCI,): 6 
409.8 and 534.1 (AB, 'J,p = 572.2 Hz) ppm. 

2b: yellow needles; m.p., 171.5—172.5°C (hexane). 
*'p('H} NMR (CDCI,): 5 409.7, 534.4 (AB, ‘Jp = 
572.3 Hz) ppm. 

2c: yellow needles; m.p., 167-168°C (hexane). 
*'p('H} NMR (CDCI,): 5 410.4, 533.2 (AB, 'Jpp = 
572.5 Hz) ppm. 


3.2. Synthesis of tungsten carbonyl complexes (Sa—Sc 
and 6a—6c) 


A typical synthetic procedure is described for 5a and 
6a. Diphosphene 2a (210 mg, 0.37 mmol) was dis- 
solved in THF (25 ml) and stirred at room temperature 
for 3 days in the presence of a large excess (about 
50-fold excess) of (THF)W(CO),, prepared from pho- 
tolysis of hexacarbonyltungsten in THF [16], when the 
starting diphosphene was almost consumed. During the 
reaction of 2a with (THF)W(CO)., two sets of AB-pat- 
tern signals appeared in an almost equal intensity owing 
to the two complexes 5a and 6a. The reaction mixture 


was subjected to silica-gel column chromatography to 
give 5a and 6a, but the ratio of the complexes changed 


Table 3 


to about 1:0.5, probably because of some decomposi- 
tion of 6a. The further attempted purification of 6a has 
failed so far but the pure Sa was isolated as a crystalline 
material with 38% yield based on the diphosphene 2a 
used. Similarly, 5b and Se were prepared and isolated 
with yields of 46 and 48% from the corresponding 
diphosphenes 2b and 2c respectively, together with the 
corresponding 6b and 6c. However, attempted purifica- 
tion of both 6b or 6c was unsuccessful. 

Sa: yellow prisms; m.p., 145—146°C (CH,CN). 'H 
NMR (CDC1,, 200 MHz): 6 1.28 (9H, s, p-'Bu), 1.32 
(9H, s, p-'Bu), 1.49 (18H, s, o-'Bu), 1.54 (18H, s, 
o-' Bu), 7.30 (2H, s, arom.), 7.43 (2H, bs, arom.) ppm. 
*'p('H} NMR (CDCI,): 5p« 343.2, 5p» 444.6 (satellite, 
"J pw = 289.5 Hz) (AB, ‘Jp = 564.3 Hz) ppm. *C{'H)} 
NMR (CDCI,, 50 MHz): 5 31.06 (s, p-CMe,), 31.47 
(s, p-CMe,), 33.07 (s, o-C-Me,), 33.36 (d, Jp- = 6.47 
Hz, o-C Me,), 34.62 (s, p-CMe,), 34.90 (s, p-CMe,), 
36.58 (s, o-CMe,), 38.85 (s, o-CMe,), 123.13 (d, 
“Jc = 2.31 Hz, m-arom.), 123.83 (s, m-arom.), 124.00 
(d, 'Jp- = 66.8 Hz, ipso-arom.), 140.12 (s, arom.), 
146.48 (s, arom.), 151.16 (d, Jp. = 4.62 Hz, arom.), 
155.57 (d, "Jp- = 12.49 Hz, ipso-arom.), 163.62 (s, 
arom.), 193.99 (d, “Jpe = 7.86 Hz, 4 x CO), 198.20 (d, 
“J pc = 37.49 Hz, CO) ppm. UV (CH,Cl,): A,,, 289 
(log € = 4.18), 409 (log €= 4.05) nm. IR (KBr): v 
2077 (s), 1998, 1957 (vs) cm~'. Anal. Found: C, 54.92; 
H, 6.60%. C4,H5,0,P,W calc.: C, 55.16; H, 6.55%. 

6a: “P{'H} NMR (CDCI,): 5). 311.3 (satellite, 


Some selected bond angles (°) for Sb (numbers in parentheses are estimated standard deviations) 





P(1)—W(1)—C(34) 
P(1)—W(1)—C(35) 
P(1)—W(1)—C(36) 
P(1)—W(1)—C(37) 
P(1)—W(1)-C(38) 
0(34)-—W(1)-—C(35) 
C(34)—W(1)-C(36) 
C(34)-—W(1)-C(37) 
C(34)-W(1)-C(38) 
0(35)—W(1)-—C(36) 
C(35)—W(1)-C(37) 
C(35)-—W(1)-C(38) 
C(36)—W(1)-C(37) 
C(36)—W(1)—C(38) 
C(37)—W(1)-C(38) 
W(1)—PC1)—P(2) 
W(1)-P(1)-O01) 
P(2)-P(1)—O(1) 
P(1)—P(2)—C(16) 
P(1)—O(1)—C(1) 
O(1)-C(1)-C(2) 
O(1)—CU1)—C(6) 
C(2)-C(1)-C(6) 
C(1)-C(2)-C(3) 
C(1)-—C(2)-C(7) 
C(3)—C(2)-C(7) 
C(2)—C(3)—C(4) 
C(3)-C(4)-C(5) 


92.02) 
92.7(2) 
94.7(2) 
87.1(2) 
174.1(2) 
92.4(4) 
173.3(3) 
93.8(3) 
83.2(3) 
88.0(4) 
173.73) 
90.8(3) 
85.8(4) 
90.1(3) 
89.93) 
142.201) 
110.0(2) 
107.8(2) 
104.3(2) 
124.4(4) 
117.8(6) 
119.1(6) 
123.47) 
116.3(7) 
124.2(7) 
119.3(7) 
122.5(8) 
117.8(7) 


C(3)-C(4)-C(11) 
C(5)-C(4)-C(11) 
C(4)-—C(S)—C(6) 
C(1)-C(6)-C(S) 
C1)—C(6)—C(12) 
C(S)—C(6)—C(12) 
P(2)—C(16)—C(17) 
P(2)-C(16)-C(21) 
C(17)-C(16)-C(21) 
C(16)-C017)-C(18) 
C(16)—C(17)—C(22) 
0(18)-C(17)-C(22) 
0(17)—C(18)-C019) 
C(18)—C(19)—C(20) 
C(18)—C(19)—-0(26) 
C€(20)-—C(19)—C(26) 
0(19)—C(20)-C(21) 
C(16)—C(21)-C(20) 
C(16)-C(21)-C(30) 
C(20)—C(21)-C(30) 
W(1)-C(34)-0(2) 
W(1)—C(35)-—O(3) 
W(1)—C(36)—014) 
W(1)-C(37)-O(5) 
W(1)—C(38)—0(6) 


120.39) 
121.8(9) 
123.7(8) 
115.107) 
126.5(7) 
118.2(7) 
121.1(S) 
120.2(6) 
118.3(6) 
118.97) 
126.(7) 
114.8(7) 
123.2(7) 
117.207) 
121.47) 
120.8(7) 
123.8(7) 
118.2(7) 
125.7(7) 
116.1(6) 
175.07) 
175.709) 
178.2(8) 
177.8) 
177.28) 
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'Jpw = 243.5 Hz), 5p» 491.2 (AB, ‘Jp, = 510.8 Hz) 
ppm. 

Sb: yellow prisms; m.p., 201-202°C (CH,CN). 'H 
NMR (CDCI,, 600 MHz): &= 1.30 (9H, s, p-Bu), 
1.51 (18H, s, o-‘Bu), 1.56 (18H, s, o-' Bu), 2.36 (3H, s, 
p-Me), 7.12 (2H, s, arom.), 7.45 (2H, s, arom.) ppm. 

'p{'H} NMR (CDC1,): Spa 339.6, 5,» 443.4 (satellite, 
'Jow = 291.3 Hz) (AB, J pp = 568.9 Hz) ppm. *C{'H) 
NMR (CDCI,, 150 MHz): 6 21.37 (s, p-Me), 31.06 (s, 
p-C Me,), 33.08 (s, o-C Me,), 33.37 (s, o-C Me,), 34.90 
(s, p-CMe,), 36.36 (s, o-CMe,), 38.86 (s, o-CMe,), 
123.19 (s, m-arom.), 124.28 (d, ‘Jp. = 66.55 Hz, ipso- 
arom.), 127.90 (s, m-arom.), 133.37 (s, p-arom.), 140. _ 
(s, o-arom.), 151.20 (s, p-arom.), 151.56 (d, 7J», 
14.79 Hz, ipso-arom.), 155.73 (d, Jp¢e = 9.51 Hz, o- 
arom.), 194.02 (d, “Jp = 5.28 Hz and satellite, Jwe™ 
122.08 Hz, 4 x CO), 198.14 (d, ym = 37.58 Hz, CO) 
ppm. UV (CH,Cl,): A,,, 289 (log «= 4.20), 408 
(log ¢ = 4.09) nm. IR (KBr): v 2077 (s), 2000, 1958 
(vs), 1944 (vs) cm™'. Anal. Found: C, 53.60; H, 6.22%. 
Cc, ae sae PW calc.: C, 53.66; H, 6.16%. 

*'p('H} NMR (CDCI,): Spa 311.8 (satellite, 
‘ten gel Hz), 5p» 491.7 (AB, 'Jpp = 510.6 Hz) 
ppm. 

Se: yellow prisms; m.p., 176-178°C (CH,CN). 'H 
NMR (CDCI, 600 MHz): 8 1.28 (9H, s, p-'Bu), y- 
(18H, s, o-'Bu), 1.56 (18H, s, o-'Bu), 7.14 (1H, t, 
‘Jim = 7.74 Hz, arom.), 7.34 (2H, d, *J 4 = 7.77 Hz, 
arom.), 7.44 (2H, bs, arom.) ppm. ~ Pe H} NMR 
(CDCI,): 5px 339.9, 5p» 443.2 (satellite, 'Jpw = 291.6 
Hz) (AB, 'J pp = 569.1 Hz) ppm. C{'H} NMR (CDCI,, 
150 MHz): 6 31.04 (s, p-CMe,), 33.04 (s, o-CMe,), 
33.34 (bs, o-CMe,), 34.89 (s, p-CMe,), 36.51 (s, 
o-CMe, ), 38.85 (s, o~-CMe,), 123.20 (s, arom.), 124.06 
(d, ‘Spe = 66.25 Hz, ipeo-csumn.), 124.46 (s, omen, 
127.08 (s, arom.), 141.31 (s, arom.), 151.28 (d, Jvc 
3.70 Hz, arom.), 153.63 (dd, “Joc = 6.47 Hz and ag 
16.18 Hz, ipso-arom.), 155.73 (d, Jpe = 10.26 Hz, 
arom.), 193.96 (d, “Jp- = 6.49 Hz and satellite, Iwe™ 
125.98 Hz, 4 x CO), "198.07 (d, _™ = 38.18 Hz, CO) 
ppm. UV (CH,Cl,): A,,, 289 (log «= 4.16), 408 
(log € = 4.11) nm. TR (KBr): v 2079 (s), 2000, 1965 
(vs), 1936 (vs) cm~'. Anal. Found: C, 53.46; H, 6.31. 
CsyHsq0,P,W cale.: C, $3.12; H, 6.02%. 

6c: *P('H} NMR (CDCI,): Bp 312.9 (satellite, 


a wn 2848 Hz), 5,» 491.0 (AB, 'Jpp = 510.9 Hz) 
ppm. 


3.3. Synthesis of the other Group 6 metal carbonyl 
complexes (7b, 8b, 9b and 10b) 


Similarly to the preparation of tungsten complexes, 
the following chromium and molybdenum complexes of 
diphosphene 2b were prepared and characterized. 

Tb: yield, 53%; orange prisms; m.p., 182.5—183.5°C 
(CHCN). 'H NMR (CDCI, 200 MHz): 6 1. 31 (9H, s, 
p- Bu), 1.52 (18H, s, o-'Bu), 1.58 (18H, s, o-' Bu), 2.38 


(3H, s, p-Me), 7.14 (2H, s, arom.), 7.46 (2H, s, arom.) 
ppm. Pt H} NMR (CDCI,): Spr 378.1, Spe 501.1 
(AB, 'J,» = 572.9 Hz) ppm. ‘Sc('H) NMR (CDCI,, 50 
MHz): 5 21.37 (s, p-Me), 31.06 (s, p-C Me,), 33.09 (s, 
o-C Me,), 33.21 (dd, Jp- = 6.95 Hz and J», = 2.14 Hz, 
o-C Me,), 34.88 (s, p-C Me,), 36.39 (s, o-CMe,), 38.76 
(s, o-CMe;), 123.06 (d, Jp. =3.02 Hz, m-arom.), 
124.95 (d, ‘J pc = 58.43 Hz, "goo-cmm), 127.93 (d, 
Jc = 1.66 Hz, m-arom.), 133.29 (d, Jp- = 1.61 Hz, 
srom.), 140.55 (s, o-arom.), 151.34 (d, Jc = 4.03 Hz, 
arom.), 151.80 (dd, _™ = 17.69 Hz and *Jec = 7.62 
Hz, ipso’-arom.), 155.69 (dd, Jp = 11.25 Hz and Jp, 
= 3.25 Hz, arom.), 213.00 (dd, "Jvc = 14.34 Hz and 
r= = 2.62 Hz, 4x CO), 220.58 (s, CO) ppm. UV 
(CH,C1,): 4,... 282 (log € = 4.23), 410 (log « = 3.95) 
nm. IR (KBr): v 2071, 1963, 1948 cm™'. 
8b: * P('H} NMR (CDCI,): 5p. 363.4, 5p» 516.0 
vn, 'Jpp = 512.6 Hz) ppm. 
9b: yield, 33%; yellow prisms; m.p., 174—175°C 
(CH,CN). 'H NMR (CDCI, 200 MHz): 6 1.32 (9H, s, 
p-'Bu), 1.52 (18H, s, o-'Bu), 1.57 (18H, s, o-' Bu), 2.38 
(3H, s, P-Me), 7.14 (2H, s, arom’.), 7.49 (2H, s, arom.) 
ppm. ~ P('H}) NMR (CDCI,): 5p 362.9, 5,» 484.2 
(AB, 'J,» = 565.0 Hz) ppm. ‘Sc('H) NMR (CDCI,, 50 
MHz): 5 21.38 (s, p-Me), 31.09 (s, p-C Me,), 33.09 (s, 
o-C Me,), 33.39 (dd, Jpe = 6.89 Hz and J». = 2.42 Hz, 
o-C Me,), 34.89 (s, p-CMe,), 36.35 (s, o~-CMe,), 38.83 
(s, o-CMe;), 123.19 (d, Spc = 2.77 Hz, m-eoom.), 
124.14 (dd, "Jc = 66.33 Hz and *J,, = 1.72 Hz, ipso- 
arom.), 127.85 (d, Jp = 1.56 Hz, m-arom.), 133.27 (d, 
Jc = 1.56 Hz, arom.), 140.72 (s, arom.), 151.01 (d, 
Joc = 3.87 Hz, o-arom.), 151.66 (dd, "Joc ™ = 16.71 Hz 
and *J,. = 7.25 Hz, ipso’-arom.), 155.66 (dd, Jog = 
11.30 Hz and Jing = 2.94 Hz, arom.), 202.76 (dd, “Jp. 
= 10.37 Hz and “J, = 1.14 Hz, 4 x CO), 209.86 (dd, 
, * = 37.09 Hz and "Joc = 0.95 Hz, CO) ppm. UV 
(CH,Cl, ): A,,, 283 (sh,log € = 4.23), 316 (sh,log «= 
3.89, 406 (log € = 4.11) nm. IR (KBr): v 2079, 1963, 
1950 cm~'. Anal. Found: C, 59.87; H, 6.64. 
Cc 02 atl Mo calc.: C, 59.84; H, 6.87%. 
*"P('H} NMR (CDCI,): 5p« 378.2, 5p» 501.8 
un, "J = 573.2 Hz) ppm. 


3.4. X-ray structure determination of 5b 


The compound 5b was recrystallized from acetoni- 
trile. 

Crystal data for Sb: C,,H,,O,P,W; M, = 850.62; 
triclinic, space group, P1; a = 11.358(3), b = 18.508(3) 
and c = 10. ag A; a = 97.81(3)°, B = 105.16(3)° and 
y= 97.81(2); U= 19941) A’; Z=2; D,=1.416 g 
cm~*; 4 = 30.20 cm~'. Unique 7015 reflections with 
26 < 50.0° were recorded and 6105 of these with / > 
3.000 (1) were judged as observed. The structure was 
solved using SHELXS86 [17]. Non-hydrogen atoms were 
refined anisotropically except for the disordered carbon 
atoms of C(8)—C(10) and C(13)—C(15). Both of the 
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occupancy factors for the dominant tert-butyl group 
were 0.76. Hydrogen atoms were included but not 
refined. R = 0.038 and R,, = 0.049. 


3.5. Supplementary material available 


Tables of atomic coordinates, anisotropic thermal 
parameters, H-atom coordinates, bond distances and 
angles, and structure factors for 5b (31 pages) are 
available on request from the Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, 
Lensfield Road, Cambridge CB2 1EW, UK. 
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Abstract 


Organometallic compounds of the type (Siam), ZrX , (Siam = N, N’-bis(trimethylsilyl)benzamidinat; X = methyl, benzyl or allyl) have 
been synthesized by reaction of (Siam),ZrCl, and Grignard reagents. The structures of (Siam),ZrX, (X = Cl, I, CH, or CH,—-C,H,) 
and (Siam),ZrCl have been investigated by X-ray crystal structure analysis. (Siam),ZrC] shows a capped octahedral structure with the 
coordination number 7 at the zirconium. (Siam),ZrX, compounds have distorted octahedral structures and the ligands occupy 
cis-positions. The distortion depends on the bulkiness of the ligand X. 

The systems (Siam), ZrCl,—methylalumoxan (MAO) and (Siam),ZrCI-MAO polymerize at 30°C reactive olefins such as ethylene or 
norbornene. Less reactive olefins (e.g. propene) can be reacted with (Siam)ZrCl,—-MAO to yield oligomers and polymers. The same 
catalytic system is able to convert 1,5-hexadiene selectively under formation of methylene—cyclopentane. 


Zusammenfassung 


Organometallverbindungen des Typs (Siam), ZrX, (Siam = N,N’-Bis(trimethylsilyl)benzamidinat; X = Methyl, Benzyl oder Allyl) 
wurden durch Reaktion von (Siam),ZrCl, mit den entsprechenden Grignard-Verbindungen synthetisiert. Die Strukturen der Verbindun- 
gen (Siam),ZrX, (X=Cl, I, CH, oder CH,—C,H,) und (Siam),ZrCl wurden durch Réntgenkristallstrukturanalyse aufgeklart. 
(Siam), ZrCl besitzt eine ‘‘capped’’ oktaedrische Struktur mit der Koordinationszahl 7 am Zirkonium. Die Verbindungen (Siam), ZrX, 
sind verzerrt oktaedrisch aufgebaut und die Liganden besetzen cis-Positionen. Das AusmaB der Verzerrung ist vom Raumbedarf von X 


Die Systeme (Siam), ZrCl-Methylalumoxan (MAO) und (Siam),ZrCI-MAO polymerisieren bei 30°C reaktive Olefine wie Ethylen 
oder Norbornen. Weniger reaktive Olefine (z.B. Propen) kénnen mit (Siam)ZrCl,-MAO zu Oligomeren und Polymeren reagieren. Das 
gleiche katalytische System kann 1,5-Hexadien selektiv zu Methylen—cyclopentan umwandeln. 


Keywords: Zirconium; Alkyl; Allyl; X-ray diffraction; Catalysis 





1. Einleitung mit dem N,N’-Bis(trimethylsilyl)benzamidinato-Ligan- 
den (Siam) einbezogen. Die anorganische Zirkonium- 
Im Rahmen von Untersuchungen zum Einflu8 von chemie mit diesem Liganden wurde 1988 mit den 
Chelatliganden mit anorganischen Haftatomen auf die Arbeiten von Dehnicke und Mitarbeitern [2] ({Siam] 
katalytische Reaktivitét von Metallorganoverbindungen ZrCl,) beziehungsweise Roesky et al. [3] ((Siam],ZrCl, ) 
der 4. Nebengruppe [1] haben wir auch Verbindungen eingeleitet. Edelmann hat die stereochemische Analogie 
zum Pentamethylcyclopentadienylanion festgestellt [4] 
und an Lanthanoidkomplexen die ‘‘elektronische 
Aquivalenz’’ zum Cyclopentadienylsystem untersucht 

* Corresponding author. [5]. 
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ZrCl, - (THF), 





2 CHMgJ / Ether 
72,6 % 

















f 











Reaktionsschema 1. 


Metallorganische Verbindungen des Typs Cp(Siam) 
MX, (M = Ti, Zr oder Hf [6], (Siam),UCH, des Uran 
(IV) [7] und (Siam),Ti(allyl) des Titan(III) [8] sind in 
juingster Zeit beschrieben worden. Teuben insbesondere 
hat die Metallorganochemie des Yttriums mit diesem 
Liganden intensiv studiert und die Wirkung von Siam 
auf die katalytische Aktivitat dieser Verbindungen im 


Vergleich zu Cp-stabilisierten Verbindungen untersucht 
[9]. 

Gegenstand dieser Arbeit sind Synthese und Struktur 
von metallorganischen Verbindungen des Typs (Siam), 
ZrR, (R = Me [10], Benzyl oder Allyl) und von Halo- 
geniden der Zusammensetzung (Siam),_,ZrX,, (n = 1, 
2; X=Cl oder I), sowie erste Untersuchungen zur 


Abb. 1. Kristallstruktur der Verbindungen 1 und 2 [19]. 
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katalytischen Aktivitaét in Ziegler—Natta-Systemen mit 
Methylalumoxanen (MAO). 


2. Synthese und Strukturen der N,N’-Bis(trimethyl- 
sily) benzamidinato-zirkoniumhalogenide (1-3) 


Das Reaktionsschema 1 informiert tiber die Synthe- 
sewege zu den Halogenverbindungen, die als Edukte 
auch fiir sterische Vergleiche dienen und daher durch 
Réntgenstrukturanalysen charakterisiert wurden. 

(Siam),ZrCl, wurde bereits von Roesky aus 
Lithium-N, N'-bis(trimethylsilyl))benzamidinat und Zir- 
koniumtetrachlorid synthetisiert und H-NMR-spektros- 
kopisch untersucht [3]. Verbindung 1, die NMR-spek- 
troskopisch mit der von Roesky et al. beschriebenen 
identisch ist, zeigt nach Ausweis der Kristallstrukturana- 
lyse eine cis-Struktur der Chloroliganden und ist daher 
strukturell mit Cp,ZrCl, vergleichbar. (Abb. 1). 

Auch in der Verbindung 2 nehmen die lodoliganden 





die cis-Position im verzerrt oktaedrischen Komplex ein. 
Der Ubergang zu dem deutlich gréBeren Halogenid 
fuihrt also nicht zu einem trans-Komplex, sondern ledig- 
lich zu einem Zusammendrangen der Benzamidinatoli- 
ganden am Zirkonium. 

Fiir weitere stereochemische Vergleiche und fiir kata- 
lytische Untersuchungen ist auch die Verbindung 
(Siam),ZrCl 3 bedeutsam, die durch Reaktion von 1 
oder Zirkoniumtetrachlorid mit einem Uberschu8 an 
Lithium-N, N’-bis(trimethylsilyl)-benzamidinat zugang- 
lich ist. Die Réntgenstrukturanalyse von 3 zeigt, dab es 
zu einer Aufweitung der Koordinationssphare am Zirko- 
nium auf die Koordinationszahl 7 kommt (Abb. 2). Die 
Koordinationsgeometrie um das Zirkonium lat sich 
annahernd als “‘capped’’ oktaedrisch beschreiben. Damit 
wird verstindlich, daB die SiMe,-Gruppen in den 
NMR-Spektren nicht mehr chemisch Aquivalent sind. In 
der Elementarzelle liegen zwei strukturunabhangige 
Molekiile im Verhaltnis 1:1 vor. Es handelt sich dabei 
um die zwei optischen Antipoden, in denen die Benz- 


lyse von 3 (Methyl- und Phenylgruppen sind im unteren Teil zur besseren Ubersicht weggelassen). 
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Tabelle 1 
Ausgewahlte Bindungslangen und -winkel der R6ntgenkristallstrukturen von 1-4 


1 3 2 7 
X=Cl X=Cl X=I X=CH, 








Bindungslingen 
Zr-X (A) 
Zr—N(1) (A) 
Zr—N(2) (A) 
N(1)-C(1) (A) 
N(2)—C(1) (A) 
©(1)-0(2) (A) 
Bindungswinkel 
X-Zr-X * (°) ~ 
N(1)—Zr—N * (1) (°) 89.84(13) 92.779) 92.768) 
N(2)—Zr-N * (2) (°) 118.14(4) 178.82(9) 176.31(7) 
Zr, N(1), N(2)-Pheny! (°) . 86.0 81.0 79.9 
C(1)—Zr-C * (1) (°) 125.1(1) 115.24(7) 131.87(9) 131.5(2) 


2.4002(9) 
2.20%(2) 
2.23%(2) 
1.3333) 
1.323(3) 
1.502(4) 


2.4642) 
2.325(4) 
2.2494) 
1.3307) 
1.32%5) 
1.503(7) 


2.809%5) 
2.174(2) 
2.265(2) 
1.346(2) 
1.326(2) 
1.501(3) 


2.248(2) 
2.24001) 
2.312(2) 
1.33702) 
1.322) 
1.497(2) 
103.38(7) 


107.76(2) 106.4(2) 





amidinatliganden propellerartig rechts- beziechungsweise 
linksdrehend angeordnet sind. Die wichtigsten Bin- 
dungslangen und -winkel der drei mittels Kristallstruk- 
turanalyse charakterisierten Halogenide sind unter an- 
dern in Tabelle 1 zusammengefaBt. 


3. Synthese und Strukturen der zirkoniumorgani- 
schen Verbindungen 4—7 


Die Umsetzung von (Siam),ZrCl, mit Organo- 
lithium- oder Grignard-Verbindungen verlauft nur mit 
B-wasserstoffreien und schlanken organischen Gruppen 
(Methyl, Benzyl und Allyl) erfolgreich. In den anderen 
bisher untersuchten Fallen (Ethyl, Butandiyl, Butadi- 
endiyl und Phenyl) erfolgten Zersetzungsreaktionen, 
ohne daB eine definierte Verbindung isoliert werden 
konnte. Die Dimethylverbindung 4 1a6t sich in guten 


Ausbeuten durch Umsetzung von 1 mit zwei Aquiva- 
lenten Methylmagnesiumiodid darstellen, tiber ihre Syn- 
these und ihr H-NMR-Spektrum wurde kiirzlich 
berichtet [10]. 

Die Festk6rperstruktur von 4 ist in Abb. 3 wieder- 
gegeben, und Bindungslangen beziehungsweise -winkel 
sind in Tabelle 1 aufgelistet. Das Zirkonium ist verzerrt 
oktaedrisch von zwei Benzamidinatliganden und zwei 
Methylgruppen umgeben. Somit liegt, wie auch in den 
Dihalogeniden 1 und 2, eine cis-Anordnung der Ligan- 
den vor. 

In den H-NMR-Spektren wird bis zu einer Tempera- 
tur von — 90°C nur ein Singulett fiir die SiMe,-Gruppen 
gefunden, d.h. in Lésung rotieren die Benzamidinato- 
Liganden offenbar so schnell, daB sie in der NMR- 
Zeitskala nicht aufgelést sind. Die Lage der NMR- 
Resonanzen fiir die Zr—CH ,-Gruppe legt nahe, daB der 
Benzamidinato-Ligand Siam im Vergleich zu dem Cp- 
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Tabelle 2 
Ausgewahlte Bindungslingen (A) der Réntgenkristallstruktur von 6 


Tabelle 3 
Ausgewahite Bindungswinkel (°) der R6ntgenstruktur von 6 





Zr-C(27) 2.315(4) Zr—C(34) 2.301(3) 
C(Q7)-C(28) 1.488(5) C(34)-C(35) 1.432(5) 
Zr—N(3) 2.2573) Zr-N(1) 2.2243) 
Zr—N(4) 2.271(3) Zr—N(2) 2.283) 
N(3)—C(14) 1.336(4) N(1)—-C(1) 1.33%4) 
N(4)—C(14) 1.331(4) N(2)-C(1) 1.335(4) 
0(14)-C(15) 1.506(4) C(1)-C(2) 1.497(4) 





Liganden einen starkeren Elektronenzug am Zen- 
tralatom bewirkt. M 

Bei der Reaktion von 1 mit einem Aquivalent Ben- 
zylmagnesiumchlorid gelingt es bei 0°C zunachst nur, 
einen Chloroliganden zu substituieren. Es entsteht die 
hellgelbe Verbindung (Siam),ZrCK(benzyl) 5. Bei der 
Umsetzung von 1 mit zwei Aquivalenten Benzyl-Grig- 
nard-Reagenz bildet sich bei 36°C neben 5 auch die 
Dibenzylverbindung 6 (Tabellen 2 und 3). Deren Kri- 
stallstrukturanalyse zeigt, daB das Zirkonium wiederum 
verzerrt oktaedrisch von zwei Benzamidinatliganden und 
zwei Benzylgruppen in cis-Anordnung umgeben ist 
(Abb. 3). Die Verbindung weist jedoch eine niedrigere 
Symmetrie als die vergleichbare Dimethylverbindung 4 
auf. Die zweizahlige Drehachse ist verloren gegangen, 
weil sich offenbar die gréBeren Benzylgruppen gerade 
noch so zwischen die Benzamidinato-Liganden hinein- 
drangen kénnen. Dieser sterische Effekt fihrt auch dazu, 
daB die beiden Benzylgruppen 1'-koordiniert sind. 


Tabelle 4 


C(27)-Z1-C(34) 96.2(2) 
(27)-Zr-N(G3) 101.11(14) 
((27)-Zr-N(4) 98.27(12) 
C(27)-Zr—-N() 144.92(12) 
C(27)-Zr-N(Q2) 85.05(12) 
Zr—C(27)—C(28) =: 117.62) 
N(3)-Zr—N(1) 91.60(10) 
N(3)—Zr—N(2) 100.71(10) 
N(3)—Zr-N(4) 60.40(10) 
N(3)—C(14)—N(4)_— 117.33) 
CU1)-Zr-C(14) 126.1 


C(34)-Zr-NQ) 
C(34)-Zr-N(1) 
0(34)-Zr-NG) 
C(34)-Zr—N(4) 
Zr—C(34)-C(35) 
N(1)—Zr-N(4) 
N(2)—Zr-N(4) 
N(1)—Zr-N(2) 
N(1)—C(U1)—N(Q2) 


107.61(12) 
89.50(12) 
147.8% 12) 
90.60(12) 
116.42) 
116.31(10) 
161.1109) 
60.379) 
115.43) 





In den 'H-NMR-Spektren tritt bei Raumtemperatur 
nur jeweils cin Singulett fiir die Protonen der SiMe,- 
und Zr—CH ,-Gruppen auf. Wahrend das Signal fiir die 
SiMe,-Gruppen bis — 90°C erhalten bleibt, beginnt sich 
das Signal der benzylischen CH,-Protonen bei 0°C zu 
verbreitern, bei —35°C tritt Koaleszenz ein, und bei 
tieferen Temperaturen ist ein Dublett zu sehen. Aus den 
NMR-Daten ist eine Rotationsbarriere um die Zr—C- 
Bindung von 47.6 kJ mol~' zu berechnen. 

Bei der Umsetzung von 1 mit zwei Aquivalenten 
Allylmagnesiumchlorid entsteht in glatter Reaktion die 
Diallylverbindung (Siam),Zr(allyl), (7), deren ‘H- 
NMR-Spektrum bei Raumtemperatur fiir die SiMe,- 
Gruppen ein Singulett bei 0.01 ppm zeigt. Das Quintett 
bei 6.70 ppm und das Dublett bei 3.71 ppm sind den 





Vergleich von ausgewahlten Daten der Kristallstrukturanalysen von L,ZrX , 
(L = Cp oder Cp*; Siam X = Cl, I, CH, oder CH,—C,H,) 


Bindungswinkel X-Zr-X (°) 





Bindungswinkel L-Zr-L (°) Bindungsliinge Zr-X (A) 
Cp Cp* Siam Cp Siam Cp Cp’ 











97.1 [11] 103.4 126.0 125.1 2.44 
97.7 128.3 2.45 


96.2 [12a] 93.5 [12b] 126.3 131.8 2.85 


95.6 [13] 132.5 131.5 2.27 2.25 
2.28 


126.1 - 2.30 
2.31 





homer der 'H-NMR- und '°C-NMR-Spektren der zirkonorganischen Verbindungen Cp,ZrR,, Cp*>ZrR, und (Siam),ZrR, in C,D, 
Zr-R Cp, ZR, Cp*,ZrR,, (Siam), ZR, 
"H-NMR, 6 "H-NMR, 6 "H-NMR, 8 C-NMR, 6 
(ppm) (ppm) (ppm) (ppm) 
—0.39 [14a] —0.62 [14] 0.93 44.8 
1.84 [15a] 60.6 


1.59 [15b] 78.3 











“C-NMR, 6 
(ppm) 





2.89 [16] 86.7 
5.63 [16] 143.3 
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mittelstandigen beziehungsweise den endstandigen Pro- 
tonen der 7°-gebundenen Allylgruppen zuzuordnen. Das 
Singulett der SiMe,-Gruppen beginnt sich bei — 20°C 
zu verbreitern und bei —27.5°C tritt Koaleszenz auf. 
Bei noch tieferen Temperaturen treten dann zwei Sin- 
guletts auf, d.h. die Rotation der Benzamidinatoliganden 
ist eingefroren. Aus den NMR-Daten ist eine Rotations- 
barriere von 49.3 kJ Mol~' zu berechnen. Die Signale 
fiir die Allylgruppen bleiben bis — 80°C praktisch un- 
verandert. 


4. Diskussion 


Die vorliegenden Strukturanalysen von 1-4 und 6 
unterstiitzen die Annahme, daB das (Siam), Zr-Fragment 
sterische Ahnlichkeit zum Cp, Zr beziehungsweise Cp, - 
Zr-Fragment hat. In Tabelle 4 sind die wichtigsten 
Strukturdaten der entsprechenden Verbindungen gegen- 
iibergestellt. 

Der Benzamidinatoligand Siam ist etwas voluminéser 
und hat im Vergleich zum Cp beziehungsweise Cp* 
eine mehr elliptische Peripherie. Das zeigt sich in den 
generell kleineren X—Zr—X-Bindungswinkeln der Cp- 
und Cp*-Komplexe. Dagegen sind die Bindungslangen 
Zr—X der Benzamidinatokomplexe kiirzer als bei den 
analogen Cp- und Cp*-Verbindungen. Diese Befunde 
sind durch einen starkeren Elektronenzug der Benza- 
midinatoliganden mit ihren anorganischen Donorgrup- 
pen und damit einem gréBeren ionischen Bindungsanteil 
erklarbar. Auch in Lésung gelten diese Aussagen, wie 
anhand der NMR-Spektren geschlossen werden kann 
(Tabelle 5). In den Siam-Zirkoniumverbindungen liegt 
also—vereinfachend ausgedriickt—ein Metallzentrum 
vor, das im Vergleich zu analogen Cp, Zr-Komplexen 
eine starkere Lewis-Saure ist. 


5. Orientierende Versuche zur katalytischen Aktivi- 
tat der 1, 3 und [(Siam)ZrCl,], mit Methylalumoxan 
als Cokatalysator 


Erste vergleichende Untersuchungen von Ziegler— 
Natta-Katalysatoren aus 1, 3 oder dem ligandarmsten 
Komplex [(Siam)ZrCl,], mit MAO als Cokatalysator 
wurden mit Ethylen, Propylen, Norbornen und Hexa- 
dien-1,5 durchgefiihrt. (Molverhiltnis, Katalysator : 
MAO: Substrat, 1: 100: 200-1000). Ethylen wird bei 
30°C in einer langsamen Reaktion von allen drei 
Katalysatorsystemen katalytisch zu Polyethylen umge- 
setzt. Dabei werden nach 24 h Umsatzzahlen von 600— 
700 erreicht. Im Vergleich mit dem Katalysatorsystem 
Cp,ZrCl,—MAO ist die Aktivitét um mehr als den 
Faktor 10° geringer. 

Propylen wird lediglich mit dem _ ligandarmsten 


Katalysatorsystem [(Siam)ZrCl,],-MAO mit erwar- 
tungsgem4B noch geringerer Reaktionsgeschwindigkeit 
(ungefahr 100—110) umgesetzt, wobei als Hauptprodukt 
neben geringen Mengen ataktischen Polypropylen oligo- 
mere Produkte durch ‘‘gas chromatography—mass spec- 
troscopy’’ (GC-MS) identifiziert werden, und zwar 
neben wenig Dimeren, Trimere, Tetramere und Pen- 
tamere. 

Norbornen bildet unter Ringdffnungspolymerisation 
mit Umsatzzahlen bis 480-24 h Polynorbornen. Das 
entstandene Produkt ist sehr schwer léslich, so daB es 
nur IR-spektroskopisch und thermogravimetrisch unter- 
sucht wurde. Erstere liefert den Hinweis auf das 
iiberwiegende Vorliegen von trans-Strukturen [17]. Das 
Produkt beginnt sich bei 150°C teilweise zu zersetzen 
(36% Masseverlust), volistindige Zersetzung tritt bei 
420°C ein. 

Die erhaltenen Ergebnisse erlauben den SchluB, dab 
die gepriiften Komplexe generell C—C-Verkniipfungsre- 
aktionen nur sehr langsam katalysieren, so daB sie als 
Polymerisationskaialysatoren ungeeignet sind. 

1,5-Hexadien kann mit [(Siam)ZrCl,],-MAO iiber- 
raschend selektiv zu Methylen—cyclopentan cyclisiert 
werden, wenn bei 40°C gearbeitet wird. Die Bildung 
von Dimeren oder héheren Oligomeren bzw. Polymeren 
wird nicht beobachtet. Siam-reichere Komplexe sind 
inaktiv. Im Vergleich dazu wird 1,5-Hexadien mit dem 
Cp,ZrCl,—-MAO-System unter vergleichbaren Bedin- 
gungen in einer schnelleren Reaktion unselektiv zu 
einem Oligomerengemisch umgesetzt, das zu 33% aus 
Monomeren, 37% aus Dimeren, 23% Trimeren mit 7% 
Tetrameren besteht. 

Unter anderen Bedingungen werden aus Hexadien 
(1,5) Polymere erhalten [18]. Auch in der Reaktion mit 
1,5-Hexadien zeigt sich der generelle Unterschied zwi- 
schen Zirconocen-Typ—MAO-Katalysatoren und 
(Siam)-Zr-Komplexen, aktiviert mit MAO. Letztere rea- 
gieren auch hier langsam in C—C-Verkniipfungsreak- 
tionen, und das erméglicht, die Reaktion mit Hexadien 
(1,5) im monomere-Regime zu halten. 


6. Experimenteller Teil 


Alle Arbeiten wurden unter einer Argonschutzgasat- 
mosphire ausgefilhrt. Die NMR-Spektren wurden auf 
einem 200 MHz-Spektrometer der Firma Bruker auf- 
genommen. Die kristallographischen Strukturbestim- 
mungen erfolgten auf einem Enraf—Nonius CAD4-Dif- 
fraktometer mit MoKa-Strahlung (A = 0.710 69 A; 
Graphit-Monochromator) mittels ‘‘least-squares’’-Ver- 
feinerung der 20@-Werte von 25 Reflexen. R6ntgenin- 
tensitaten wurden in w—26-Abtastung gemessen. Eine 
Lorentz und Polarisationskorrektur wurde durchgefihrt 
[19]. Eine Absorptionskorrektur erfolgte bei Verbindung 
2. 





D. Walther et al. / Journal of Organometallic Chemistry 508 (1996) 13-22 19 


Die Strukturen wurden mittels direkter Methoden 
gelést (sHELXS-s6) [20], wodurch der gréBte Teil der 
Nichtwasserstoffatome lokalisiert wurde. Durch Diffe- 
renzfouriersynthesen konnten die restlichen Nichtwas- 
serstoffatome ermittelt werden. Das erhaltene vorlaufige 
Strukturmodell wurde im Vollmatrix-LSQ-Verfahren 
anisotrop verfeinert (Verbindung 1, 2 und 4 mittels [19]; 
Verbindung 3 und 6 durch [21,22]. In der Tabelle 6 sind 
einige kristallographische Daten zu den Kristallstruk- 
turen zusammengefabt. Weitere Einzelheiten zur Kri- 
stallstrukturanalyse kénnen beim Fachinformations- 
zentrum Energie, Physik, Mathematik GmbH, W-7513 
Eggenstein-Leopoldshafen 2, unter Angabe der Hinter- 
legungsnummer CSD-58769, der Autoren und des Zeit- 
schriftenzitats angefordert werden. 

Das Edukt Bis-N,N’-bis(trimethylsilyl)benzamidi- 
natozirkoniumdichlorid 1 wurde durch folgende abge- 
wandelte Literaturvorschrift dargestellt (vgl. [3]). 


6.1. Bis-(N,N'-bis(trimethylsilyl) benzamidinato) -zirko- 
nium-IV-dichlorid (Siam), ZrCl,) (1) 


Zu einer gerihrten Lésung von 62,5 mi n-Butyl- 
lithium (1.6 m) in Hexan (0.1 mol) werden bei 0°C in 


Tabelle 6 
Kristallographische Daten 


folgender Reihenfolge 16.1 g (0.1 mol) Hexamethyldisi- 
lazan 25 ml Ether und 10.3 g (0.1 mol) Benzonitril 
tropfenweise zugegeben. Die entstandene Reaktions- 
lésung wird bei 0°C wiahrend 2 h in eine kraftig geriihrte 
Suspension von 18.9 g (0.05 mol) ZrCl,(THF), in 50 
ml Ether getropft. Nach erfolgter Zugabe erwairmt man 
auf Raumtemperatur, la4Bt noch 4 h ausreagieren und 
sammelt die ausgeschiedene Substanz auf einer G4- 
Fritte. Nun wird mit Methylenchlorid extrahiert. Aus 
dem Extrakt kristallisieren in der Kilte 15.6 g (45.3%) 
reines 1. 

"H-NMR (C,D,): 5 0.05 (36H, s, Si-CH,,); 7.2-8.0 
(10H, m, Ph) ppm. C-NMR (C,D,): 5 2.0 (Si-CH,); 
126.2; 128.4; 139.6 (Ph); 184.9 (CN,) ppm. 

Die Mutterlauge enthalt neben 1 noch etwas 3. 


6.2. Bis-(N,N'-bis(trimethylsilyl) benzamidinato)-zirkoni- 
um-IV-diiodid ((Siam),Zrl,) (2) 


In eine Suspension von 4.2 g (6.48 mmol) 4 in 20 ml 
Ether wird bei 0°C unter Riihren langsam 30 ml einer 
etherischen Lésung von 3.3 g (13.0 mmol) frisch su- 
blimiertem lod tropfenweise zugegeben. Die lodlésung 
wird entfarbt, und der Bodenkérper lést sich auf. Das 





1 2 


3 4 6 





Kristallmorphologie farbloses Prisma 
KristallgréBe (mm) 
Summenformel 
Molekulargewicht (gmol~ ') 
Kristallsystem 
Raumgruppe 
Gitterparameter 

a(A) 


0.44 x 0.32 x 0.28 
C,H yCl,Si,N,Zr 
689.2 872.1 
monoklin monoklin 
C2/c C2/c 


21.2845) 
b(A) 9.335(2) 


c (A) 18.056(3) 
BC) 94.9101) 99.21) 
El llenvolumen V (A®) 3574(1) 3638(1) 
Dichte p, (g cm~*) : 1.59 
Anzahl der 
Formeleinheiten Z 4 
i oeffizient 
p(Mo Ka) (cm~') 
Temperatur (°C) 
2Onax () 
gemessene Reflexe 
symmetrieunabhangige 
Reflexe 
beobachtete Reflexe 
mit />2o0(/) 
verfeinerte Parameter 
R, 
wR, (Rw) 
**Goodness of fit’’ 


dichte 


21.7673) 
9.582(2) 
17.6706) 





21.3 (y&scan) 





(electrons A~*) 


farbloses Prisma 


0.40 x 0.38 x 0.36 
CagH yl Si,N,Zr 


farblose hexagonales _farbloses Prisma gelbe Quader 
Prisma 

0.40 x 0.40 x 0.36 
CyH,C1,Si,N,Zr 
1008.2 648.3 
hexagonal monoklin 
P3cl C2/c 


0.60 x 0.60 x 0.48 
C.,H,Si,N,Zr 


0.40 x 0.38 « 0.36 
CywHeoSi,N,Zr 
800.5 

monoklin 

C2/c 


21.5803) 
21.5803) 
20.260(1) 


21.701(6) 
9.384(2) 


17.80%2) 
95.12(1) 


361201) 


34.4347) 
13.648(3) 
19.911(4) 


8171(2) 
1.23 
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Lésungsmittel wird im Vakuum abdestilliert. Im Destil- 
lat ist gaschromatographisch Methyliodid nachweisbar. 
Der Riickstand wird aus n-Hexan umkristallisiert. Aus- 
beute: 5.2 g (92.0%) 2 in Form farbloser Kristalle. 

Elementaranal. Gef.: C, 35.8; H, 5.3; N, 6.4. 
C.,H,,1,N,Si,Zr (872.0 g mol~') ber.: C, 37.0; H, 
5.4; N, 6.0%. 'H-NMR (CD,Cl,): 5 0.05 (36H, s, 
Si-CH,); 7.2-8,0 (10H, m, Ph) ppm. “C-NMR 
(CD,Cl): 6 2.4 (Si-CH,); 126.3; 129.0; 130.1; 139.1 
(Ph); 184.2 (CN,) ppm. 


6.3. Tris-(N,N'-bis(trimethylsilyl) benzamidinato-zirkoni- 
umchlorid ((Siam),ZrCl - CH,Cl1,) (3) 


6.3.1. Variante A 

Zu einer gerihrten Lésung von 62.5 ml n-Butyl- 
lithium (1.6 m) in Hexan (0.1 mol) werden bei 0°C 
nacheinander 16.1 g (0.1 mol) Hexamethyldisilazan, 25 
ml Ether und 10.3 g (0.1 mol) Benzonitril tropfenweise 
zugegeben. Nun werden in kleinen Portionen insgesamt 
9.4 g (0.025 mol) ZrCl (THF), bei 0°C zugesetzt. Nach 
erfolgter Zugabe erwarmt man auf Raumtemperatur, 
1aBt noch 4 h ausreagieren und vervollstandigt die Kris- 
tallisation bei —25°C. Die ausgeschiedene Substanz 
wird auf einer G4-Fritte gesammelt und mit Methylen- 
chiorid extrahiert. Aus der Lésung kristallisieren in der 
Kiilte 4.9 g (19.6%) 3 als weiBe hexagonale Kristalle. 

Elementaranal. Gef.: C, 47.4; H, 7.1; N, 8.4; Cl, 
10.6. CyH7,ClsNSigZr (1002.12 g mol~') ber.: C, 
46.3; H, 6.9; N, 7.6; Cl, 9.7%. “H-NMR (C,D,): 
6 0.20 (27H, s, Si-CH,); 0.40 (27H, s, Si-CH,); 
7.2-8.0 (15H, m, Ph) ppm. “C-NMR (C,D,): 6 3.9 
(Si-CH,); 4.2 (Si-CH,); 140.2; 129.0; 128.4; 126.2 
(Ph); 182.2 (CN,) ppm. 


6.3.2. Variante B 

Zu einer gerihrten Lésung von 30 mi n-Butyllithium 
(1.6 m) in Hexan (48 mmol) werden bei 0°C 7.7 g (48 
mmol) Hexamethyldisilazan, 15 ml Ether und 4.95 g 
(48 mmol) Benzonitril tropfenweise zugegeben. Nun 
werden in kleinen Portionen insgesamt 11.0 g (16 mmol) 
1 bei O°C zugesetzt. Nach erfolgter Zugabe erwarmt 
man auf Raumtemperatur, la6t noch 4 h ausreagieren 
und vervollstandigt die Kristallisation im Tiefkihl- 
schrank. Die ausgeschiedene Substanz wird auf einer 
G4-Fritte gesammelt und mit Methylenchlorid extra- 
hiert. Aus der Lésung kristallisieren in der Kalte 9.0 g 
(56.2%) 3. 


6.4. Bis-(N,N'-bis(trimethylsilyl) benzamidinato)-dime- 
thylzirkonium-IV ((Siam),Zr(CH,),) (4) (vgl. [10]) 


Bei —78°C wird in eine Suspension von 12.3 g 
(17.85 mmol) 1 in 180 ml Ether unter Riihren 29.0 ml 
(35.67 mmol) Methylmagnesiumiodid (1.23 m) in Ether 
tropfenweise zugegeben. Nun wird langsam auf Raum- 


temperatur erwarmt und noch 2 h weitergeriihrt. Nach 
Zugabe von Dioxan werden die ausgefallenen Magne- 
siumsalze auf einer G4-Fritte abgetrennt. Der Fil- 
terkuchen wird nochmals mit 100 ml Ether ausge- 
waschen und die vereinigten Filtrate werden im Vakuum 
bis zur beginnenden Kristallisation eingeengt. Ausbeute: 
8.5 g (73.5%) 4 weiBe lichtempfindliche Kristalle. 
Elementaranal. Gef.: C, 51.9, H, 8.1; N, 8.7. 
C.,H,,N,Si,Zr (648.3 g mol~') ber.: C, 52.0; H, 8.2; 
N, 9.0%. 'H-NMR (C,D,): 6 0.05 (36H, s, Si-CH,); 
0.93 (6H, s, Zr—-CH,); 6.9-7.2 (10H, m, Ph) ppm. 
"C-NMR (C,D,): 6 2.2 (Si-CH,); 44.8 (Zr-CH,); 
126.2; 1283; 128.6; 141.0 (Ph); 184.4 (CN,) ppm. 


6.5. Bis-(N,N'-bis(trimethylsilyl) benzamidinato)n,-ben- 
zyl-zirkonium-IV-chlorid ((Siam),ZrCl(CH,C,,H,) (5) 


In 4.2 g (6.09 mmol) 1—in 50 mi Ether suspendiert 
—werden bei — 78°C unter Riihren 8.7 ml (6.09 mmol) 
Benzylmagnesiumchlorid (0.7 m) in Ether zugetropft. 
Nun wird langsam erwarmt. Bei — 20°C beginnt sich 
die Lésung gelb zu farben. Die Reaktion wird durch 
vierstiindiges Riihren bei 20°C vervollstaindigt. Nun wird 
Dioxan zugetropft und das ausgefallene Magnesium- 
chlorid auf einer G4-Fritte abgetrennt. Der Filterkuchen 
wird mit 50 mi Ether griindlich ausgewaschen. Die 
vereinigten Filtrate werden im Vakuum bis zur Trockne 
eingeengt, der Riickstand wird in 70 mi n-Hexan auf- 
genommen und klar filtriert. Bei — 30°C kristallisieren 
2.15 g (47.6%) 5 als hellgelbe, schuppenférmige Kri- 
stalle. 

Elementaranal. Gef.: C, 53.2; H, 7.2; N, 7.5. 
C,,;H,,CIN,Si,Zr (744.8 g mol~') ber. C, 52.3; 
H, 8.2; N, 7.2%. 'H-NMR (C,D,): 5 0.09 (36H, s, 
Si-CH '3)s 3.02 (2H, s, CH,—Zr); 6.9-7.5 (15H, m, Ph) 
ppm. ‘C-NMR (C,D,): 5 2.4 (Si-CH,); 76.7 (CH,- 
Zr); 121.8; 126.3; 128.6; 129.0; 130.1; 147.9 (Ph); 
185.6 (CN,) ppm. 


6.6. Bis-(N,N'-bis(trimethylsilyl) benzamidinato)di-n|! - 
benzyl-zirkonium-IV ((Siam),Zr(CH,C,,H;), (6) 


Bei —78°C werden in eine Suspension von 4.5 g 
(6.23 mmol) 1 in 100 ml Ether unter Riihren 19.0 ml 
(13.3 mmol) Benzylmagnesiumchlorid (0.7 m) in Ether 
zugegeben, danach wird langsam auf Raumtemperatur 
erwarmt und dann 5 h am RiickfluB gekocht. Nun wird 
durch Zugabe von Dioxan Magnesiumchlorid ausgefallt 
und iiber eine G4-Fritte abgetrennt. Der Filterkuchen 
wird mit 50 ml Ether ausgewaschen, und die vereinigten 
Filtrate werden bis zur Trockne eingeengt. Der Riick- 
stand wird mit 70 ml n-Hexan aufgenommen, filtriert 
und bei — 20°C zur Kristallisation gebracht. Man erhilt 
als erste Fraktion 0.7 g (15.1%) 5. Die zweite Fraktion 
kristallisiert bei — 45°C. Ausbeute, 1.2 g (24.1%) 6 als 
zitronengelbe Kristalle. 
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Elementaranal. Gef.: C, 60.0; H, 7.6; N, 7.0. 
CH ooN,Si,Zr (800.5 g mol~') ber.: C, 57.8; H, 7.3; 
N, 7.3%. 'H-NMR (C,D,): & 0.00 (36H, s, Si-CH,); 
2.82 (4H, s, CH,—Zr); 6.9-7.5 (15H, m, Ph) ppm. 
"C-NMR (C,D,): 6 2.8 (Si-CH,); 78.3 (CH,-Zr); 
121.1, 126.2; 128.3; 128.6; 129.0; 130.1; 140.5; 149.9; 
(Ph); 187.4 (CN,) ppm. 

Das scharfe Signal der benzylischen Methylengrup- 
pen bei 2.70 ppm beginnt sich beim Abkiihlen in d’- 
Toluol ab 0°C zu verbreitern. Bei —35°C tritt Koa- 
leszenz auf. Bei — 40°C sind zwei grundliniengetrennte 
Signale zu sehen. NMR-Daten (465 = 80 Hz; T, = 238 
K). 


6.7. Bis-(N,N'-bis(trimethylsilyl) benzamidinato)di-allyl- 
zirkonium-IV ((Siam),Zr(C,H,),) (7) 


Bei 0°C werden in eine Suspension von 4.7 g (6.82 
mmol) 1 in 100 mi Ether unter Riihren tropfenweise 7.0 
mi (14.0 mmol) Allylmagnesiumchlorid (2.0 m) in THF 
zugegeben. Die Reaktionslésung nimmt sofort eine gelbe 
Farbe an. Nun wird langsam auf Raumtemperatur 
erwarmt. Das ausgefallene Magnesiumchlorid wird auf 
einer Schlenk-Glasfritte abgetrennt. Der Filterkuchen 
wird mit 50 ml Ether ausgewaschen, und die vereinigten 
Filtrate werden bis zur Trockne eingeengt. Der Riick- 
stand wird mit 70 ml n-Hexan aufgenommen, und nach 
Filtration kristallisiert 7 bei — 20°C aus. Ausbeute, 1.7 g 
(35.6%) 7 als gelb—orange lichtempfindliche Kristalle. 

Elementaranal. Gef.: C, 54.87; H, 8.06. C,,H..N,- 
Si,Zr (700.4 g mol™') ber.: C, 55.80; H, 8.22%. 'H- 
NMR (C,D,): 6 0.01 (36H, s, Si-CH,); 3.71 (8H, d, 
J = 11.9 Hz, CH, =); 6.70 (2H, q, J = 11.9 Hz, CH=); 
6.97-7.21 (10H, m, Ph) ppm. C-NMR (C,D,): 5 3.5 
(Si-CH,); 86.7 (=CH,); 127.1; 129.4; 141.3 (Ph); 
143.3 (CH=); 182.0 (CN,) ppm. 

Das scharfe Signal der Silylgruppen bei 0.01 ppm 
beginnt sich beim Abkiihlen ab — 20°C in d’-Toluol zu 
verbreitern. Bei — 27.5°C tritt Koaleszent auf. Bei noch 
tieferen Temperaturen sind zwei grundliniengetrennte 
Signale zu sehen. NMR-Daten (A 5 = 75 Hz; T, = 245.5 
K). 


6.8. Katalytische Reaktionen 


6.8.1. Reaktion mit Ethylen 

0.1 mmol der Verbindungen 1, 3 bezichungsweise 
{(Siam)ZrCl,], in 50 ml Toluol werden mit 10 mmol 
MAO, eingesetzt als 30%ige Lésung in Toluol, Fa. 
Witco) in einem 200 ml-Stahlautoklaven bei 30°C unter 
Riihren umgesetzt. Nach 24 h wird unumgesetztes Ethy- 
len abgelassen und die Mischung unter Eiskihlung mit 
halbkonzentrierter kalter waBriger Salzsaure hydro- 
lisiert. Nach Filtration, Waschen mit Toluol, Ethanol 
und Trocken erhalt man 1.7—2 g nahezu farbloses Poly- 


mer; das entspricht einer Umsatzzahl von 600—700 (24 
h). Das erhaltene Polyethylen wurde nicht naher charak- 
terisiert. Im Toluol-filtrat sind durch GC-MS keine 
weiteren oligomeren Produkte nachweisbar. 


6.8.2. Reaktion mit Propylen 

In einem 200 ml-Stahlautoklaven werden bei — 50°C 
etwa 10 g Propylen einkondensiert, danach wird eine 
Lésung von 0.1 mmol der Verbindung 1, 3 oder 
{(Siam)ZrCl,], und 10 mmol MAO in 20 ml Toluol 
zudosiert. Nach 24 h Riihren bei 30°C wird unumgesetz- 
tes Gas abgelassen, danach wird die Mischung unter 
Eiskihlung mit halbkonzentrierter Salzsaure hydroly- 
siert. Die organische Phase wird abgetrennt, mit Natri- 
umcarbonat getrocknet und danach im Vakuum destil- 
liert. Lediglich im Falle von [(Siam)ZrC1,], konnten im 
Destillat die oligomeren Produkte (Dimere bis Pen- 
tamere C,,;H,.) durch GC-MS indiziert werden. Der 
Gesamtgehalt dieser Oligomeren entspricht einer Um- 
satzzahl von ungefahr 100 (etwa 500 mg Produkt). Der 
dlige Destillationsrickstand ist ein Gemisch von héheren 
Oligomeren bezichungsweise ataktischen Polymeren, 
wie NMR-spektroskopische Vergleiche zeigen. 

Unter gleichen Bedingungen wird mit dem System 
Cp,ZrCl,-MAO eine nahezu quantitative Umsetzung 
bereits nach 2 h beobachtet. Es entsteht cin 
Oligomerengemisch, das Dimere bis Heptamere enthilt, 
die durch GS—MS dedektierbar sind. Dabei sind Te- 
tramere mit 40% Anteil die Hauptprodukte. Polymeres 
Produkt wird unter diesen Bedingungen nur in sehr 
geringen Mengen beobachtet. 


6.8.3. Reaktion mit Norbornen 

Die Reaktion wird wie beim Ethylen beschrieben mit 
5 g Norbornen (5.3 X 107? mol) als Substrat, durch- 
gefiihrt. Man erhalt mit 1 und mit [(Siam)ZrCl,]}, 1.4- 
2.8 g von farblosem Polymer, das in Lésungsmitteln 
extrem schwer léslich ist. 

IR: (6(C-H), trans) 965 cm~' [17]. Thermogravime- 
trie: Bei 150°C 36% Masseverlust, bei 420°C vollistin- 
dige Zersetzung. 


6.8.4. Reaktion mit 1,5-Hexadien 

0.1 mmol Komplexverbindung 1, 3 oder [(Siam)Zr- 
Cl,], werden mit 10 mmol MAO und 17 mmol Substrat 
bei 40°C in 20 ml Toluol umgesetzt. Durch Probenent- 
nahme wahrend der Reaktion wird der Verlauf mittels 
GC-MS verfolgt. Umsatz nach 24 h 10%, nach 15 d 
42% (Umsatzzahl, 80). Es wird selektiv Methylen- 
cyclopentan gebildet. Dimere bezichungsweise Oligo- 
mere oder Polymere werden nicht gefunden. 

Unter vergleichbaren Bedingungen erfolgt mit 
Cp,ZrCl,—MAO nach 3 h vollstandiger Umsatz. Das 
Produktgemisch enthalt 33% Monomere (einschlieBlich 
19% Methylen—cyclopentan, der Rest besteht aus 
Methyl—cyclopenten und Methyl—cyclopentan), 37% 





22 D. Walther et al. / Journal of Organometallic Chemistry 508 (1996) 13-22 


Dimerengemisch, 23% Trimere, 7% Tetramere, jeweils 
durch GC-MS bestimmt). 
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Abstract 


The alkynyliron complex [Fe(C=C-—CH,CH,—CNXdppeXC,H,)] (2) (dppe = Ph,PCH,CH,PPh,), prepared from [Fe(C=C- 
CH,CH,-CNXCO),(C,H,)] (1) and dppe under UV irradiation, reacted with HBF, Et,O in tetrahydrofuran and with NH,[PF,] in 
CHCl, to give the cationic vinylidene derivative [Fe(=C=CH-—CH ,CH ,-CNXdppeXC.H.)J/A] (A = BF, Ga) or PF, (3b)), which can 
be reconverted to 2 with K,CO, in CH,Cl,. The compound [(C.H ,Xdppe)Fe-NC—CH ,CH ,-C=CH]PF, ] (4), which is a tautomeric 
form of 3 was prepared by reaction of [Fe(IXdppeXC.H,)] with the alkyne HC=C-—CH,CH,CN in the presence of NH,[PF,] in 
CH,C1,. The dinuclear compound [(C.,H,Xdppe)Fe—C=C-—CH ,CH ,~CN—Fe(dppeXC.H.) IPF, ] (5), which is unstable, can be formed 
by reaction of 2 with [Fe(NCMeXdppeXC,H.)] PF, in CH,Cl,. Its electrochemical oxidation shows that there is no electronic interaction 
between the two metal centres. Extended Hiickel molecular orbital calculations have been carried out on the model complexes 
((C,HXPH,),Fe-C=C-CH ,CH ,~CN-Fe(PH,,)(C,H,)]* (7) and ((C,H,XPH,),Fe-CN-Fe(PH,),(C,H,)]* (8). 


Keywords: lron; Alkynyl; Cyanide; Ligand bridged; Electrochemistry; EHMO calculations 





1. Introduction 


In previous studies [1] we have shown that the 
binuclear cyanide-bridged complex [(C;H,\dppe)Fe— 
CN—Fe(dppeXC,H,)I[PF,] undergoes two one-electron 
oxidations, the first affecting mainly the N-bonded Fe 
atom, with electrode potentials that suggested an ex- 
tended electronic communication between the two iron 
atoms mediated by the CN bridge. 

Here we wish to report how the electron delocaliza- 
tion in this species can be further shown by comparison 
with the oxidation behaviour of the related binuclear 
complex [(C,H,\dppe)Fe—-C=C-—CH ,CH ,-CN- 
Fe(dppeXC,H.,)][PF,] containing the asymmetric biden- 
tate cyanoalkynyl! -C=C-—CH,CH,—CN, which is an 
isolating bridging ligand, and by a molecular orbital 
(MO) study carried out on the model complexes 
(C,H, PH), Fe-C=C-—CH ,CH ,~CN—Fe(PH,),- 


* Corresponding authors. 


0022-328X /96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 


SSDI 0022-328X(95)05829-X 


(C,H) 
(C.H.)]. 


2. Results and discussion 


The orange iron alkynyl complex [Fe(C=CCH,- 
CH ,CNXdppeXC,H,)] (2) was prepared from the di- 
carbonyl precursor [Fe(C=CCH ,CH ,CNXCO),(C,H,)] 
(1) and dppe under UV irradiation. Compound 2 can be 
stored under dinitrogen in the solid state for several 
months, but it decomposes in solution. 

As might be expected [2], the neutral complex 2 can 
be protonated with HBF, in diethyl ether to give the 
cationic vinylidene complex [Fe(=C=CH-CH ,CH,- 
CNXdppeXC,H,)] BF, (3a) (Scheme 1). The protona- 
tion can be also achieved in dichloromethane solution 
under very mild conditions using NH,[PF,] to give the 
[PF,] salt (3b). The cationic complex 3 could be recon- 
verted to 2 with K,CO, in CH,Cl,. 
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The alkyne H-C=C-—CH,CH,—CN reacted very 
easily with [Fel(dppeXC,H,)] and NH,[PF,] in CHCl, 
or methanol (Scheme 2) to give the cationic nitrile 
complex [(C,H,Xdppe)Fe-NC—CH ,CH ,-C=CH]PF, ] 
(4), which is a tautomeric form of 3b. 

These compounds were characterized by the analyti- 
cal and spectroscopic data given in Tables 1 and 2 and 
Section 3. 

The changes in v(CN) and v(CC), and the chemical 
shifts of the phosphorus atoms in the *\P NMR spectra 
are consistent with the formulations proposed. For ex- 
ample, 2 had a very similar v(CN) frequency to, but a 
significantly lower v(CC) frequency than the free alkyne 
H-C=C-CH ,CH,—CN (2251 and 2134 cm™' respec- 


Table 1 
Spectroscopic and voltammetric data for the compounds 


H—C SC —CH2CHa—CN—Fe ~ 


oe 


pJ 
4 


tively), while for 4 both frequencies are slightly higher 
than in the alkyne. 

The IR spectrum of the cationic vinylidene complex 
3 did not show any absorption attributable to v(H-C=) 
stretching (the alkyne H-C=C-CH,CH,—CN has a 
band at 3294 cm~', and 4 at 3293 cm™') but had an 
intense band at 1657 cm~', owing to the C=C double 
bond, and a v(CN) band almost identical with that of 2. 
More significantly, the “C NMR spectrum of 3 showed 
a triplet at 355.3 ppm (J(P—C) = 34 Hz), which corre- 
sponds to the a-vinylidene carbon atom. 

In contrast, the ~“C NMR spectrum of 2 shows the 
signal of the —CN carbon atom at almost the same 
frequency as in the free alkyne, while for 4 the chemical 





Compound * IR, v(cm™ 


*'P NMR, 





v(CN) 





ACC) 5 * (ppm) 





[Fe(C=CCH,CH ,CNXCO),(C,H,)] (D) 
[Fe(C=CCH ,CH ,CNXdppeXC,H,)] (2) 
[Fe(=C=CHCH ,CH ,CNXdppeXC,H,) IPF, } (3) 
[Fe(NC-—CH ,CH,C=CHXdppeXC,H,) IPF, ] (4) 
[{Fe(dppeXC,H.)}.{u4(C=CCH,CH,CN)}IPF, } (5) 


2246 
2243 
2244 
2263 
2253 


2134 * 
2087 
1657 
2153 * 
2085 


106.6 ‘ 
95.9 8 
98.0 ' 
106.5 ! 97.7 





* The free alkyne H-C=C-CH ,CH,—CN has IR absorptions at 3294 (CH), 2251 (CN) and 2134 (CC) cm™'. 


» Nujol mull. 

* Measured in CD,Cl, downfield to external 85% aqueous H ,PO,. 
* In CH,Cl, with reference to a saturated calomel electrode. 

* v(CO) in THF at 2036s. 1987s cm~'. 

In acetone 107.6. 

® In acetone 96.7. 

* »(CH) at 3293 cm='. 

" In CDCI, 98.4. 

’ In acetone 107.4, 98.6. 
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shift of the —CN carbon atom is to a higher field which 
is the expected effect of coordination to the iron [3). 
The assignment of the signals corresponding to the C, 
and C, alkynyl carbon atoms was made by comparison 
with the literature data [4]. 

The formation of 4 by the reaction shown in Scheme 
2 suggested to us the possibility of synthesizing the 
binuclear compound [(C,H,\dppe)Fe-C=C-CH,- 
CH ,-CN-—Fe(dppeXC,H,)\[PF,] (5) in a similar man- 
ner, using the iron-alkynyl derivative 2. However, the 
reaction in the presence of NH,[PF,] gave a mixture of 
the expected 5, together with its , protonated form 3b, 
and another species having two ~ *'P NMR signals in a 
1:1 ratio at 97.7 and 95.5 ppm, which most probably 
arose from the binuclear vinylidene derivative [((C,H,)- 
(dppe)-Fe=C=CH-CH ,CH ,—CN-—Fe(dppe XC, H,)]- 
[PF,], (6). Monitoring the reaction by ~ P NMR spec- 
troscopy revealed that the mononuclear vinylidene com- 
plex 3b is formed first, and that the slow reaction of this 
latter with [Fel(dppeXC,H,)] and NH,[PF,] gives 6. 
The addition of K,CO, to the mixture gave mainly 5, 
but with other decomposition products. 

The use of TI[PF,] as iodine abstractor in place of 
NH, [PF,] in the reaction of [Fel(dppeXC,H,)] with 2 
was also accompanied by extended decomposition and 
could not be used to obtain pure 5. 

In another attempt to synthesize 5, we observed that 
the alkynyl 2 reacts with the acetonitrile complex 
[Fe(NCMeXdppeXC,H.)[PF,] in CH,Cl, with partial 
replacement of the coordinated acetonitrile, generating 
an equilibrium shown in Scheme 1. (We also observed 
that the cationic vinylidene complex 3 reacts similarly 
with [Fe(NCMeXdppeXC,H,)], partially replacing the 
acetonitrile to give 6 but, in the reaction, 5 is also 
formed alongside other products.) 

The formation of 5 in the equilibrium represented in 
Scheme 1 was shown by the appearance of a signal at 
97.7 ppm in the ~ *'P NMR spectrum of the reaction 
mixture. In CHCl, it is well separated from the signal 
corresponding to the complex [Fe(NCMe)dppe)- 
(C,H,)IPF,] (97.9 ppm). The equilibrium could be 
shifted to the species § by periodically evaporating the 
volatiles to remove the free acetonitrile. Unfortunately, 
all the attempts to isolate 5 from the final mixture 
failed, yielding red to brown solids that contained it 
together with [Fe(NCMeXdppeXC,H,)[PF,] and other 
mononuclear nitrile complexes of the type of 4. How- 
ever, the presence of 5 as the main product in the 
materials isolated was clearly demonstrated by the es 
and 'H NMR spectra (Tables 1 and 2). As expected, the 

*'P NMR spectrum showed two signals at very similar 
positions to those of 2 and 4, but the signal at 106.5 
ppm was broad, and the relative intensities indicated an 
excess of 0.4—1 mmol of mononuclear nitrile complexes 
per millimole of 5, increasing with the time in solution. 

In order to examine the oxidation behaviour of the 


dinuclear compound 5, we measured the cyclic voltam- 
mograms of the reaction products containing it (see 
Section 3). The voltammograms showed two thermody- 
namically controlled oxidation waves, with chemical 
irreversibility. The oxidation peak of the wave at higher 
potential was about 1.3—1.5 times more intense than 
that of the other, which is due to the presence of the 
mononuclear nitrile complexes [Fe(NCR)dppe)- 
(C,H,)]* (we checked that the electrode potential of 
the complex [Fe(NCMeXdppeXC,H.)[PF,] under the 
same experimental conditions was 0.77 V). We have 
observed repeatedly that the compound [Fe(NCMe)- 
(dppeXC,H.,)[PF,], as similar nitrile complexes, de- 
composes slowly in dichloromethane solution with for- 
mation of an unidentified product that has an oxidation 
wave centred at 0.06 V. As a consequence, after a while 
the wave at 0.05 V may be mixed with the product 
wave of the decomposition of the iron cationic nitrile 
complexes. No other waves were detected in the 
voltammograms. 

These results unambiguously confirmed that the bin- 
uclear cation [(C,H,\dppe)Fe~-C=C-—CH ,CH,—CN- 
Fe(dppeXC,H.)]* undergoes two one-electron oxida- 
tions with electrode potentials almost identical with 
those of the mononuclear compounds 2 and 4 (see Table 
1). These were obtained by measuring their cyclic 
voltammograms and were as expected [4,5]. This coinci- 
dence indicates that the first oxidation of the binuclear 
monocation affects only the neutral Fe-C=C- site, and 
the second the cationic -CN—Fe moiety, demonstrating 
that the electronic interaction between the two iron 
atoms is almost non-existent. This is to be expected 
considering that the two metallic centres are separated 
in the binuclear compound by an isolating CH,CH, 
group. 

The behaviour of 5 towards oxidation is markedly 
different to that of the diiron cyano-bridged cationic 
complex [(C,H,dppe)Fe—CN—Fe(dppeXC.H.)[PF, ] 


_ Fe—C=c—C 
Pp / 


H 
La 


\ 
i — 


Fig. 1. Model complexes [((C;H,PH,),Fe-C=C-—CH,CH, -CN- 
Fe(PH,),(C,H,)]* (7) and (C,H,)PH,),Fe-CN- 
Fe(PH, IC, H,)}* (8). 
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reported previously [1]. In the latter case the two elec- 
trode potentials (0.34 and 1.00 V) are significantly 
different from those of the non-interacting sites 
(C,H,Xdppe)Fe—C and N—Fe(dppeXC,H,), as esti- 
mated from the electrode potentials of the mononuclear 
species [MeCN-Fe(dppeXC,H,)/PF,K0.77 V), and 
[(C,H,Xdppe)Fe—CNMe][PF,} (1.15 V). For this work 
the methyl isocyanide complex was obtained by reac- 
tion of [(C,;H,Xdppe)Fe—CN] with Mel in tetrahydrofu- 
ran (THF) in the presence of K[PF,], and the cyclic 
voltammograms was recorded in CH,Cl,. 

Although the differences between the isolated 
Fe(dppe)Cp fragments in 5 and the interconnected frag- 
ments in the p-cyanide [(C,H,dppe)Fe—CN- 
Fe(dppeXC,H,)[PF,] complex can be understood intu- 
itively, we examined the electronic effects more quanti- 
tatively by carrying out MO calculations at the extended 
Hiickel (EH) level on the model complexes [(C,H,)- 
(PH ,),Fe—-C=C-—CH ,CH ,-CN-Fe(PH ,),.(C,H,)]* 
(7) and ((C,H,XPH,), Fe—CN—Fe(PH,),(C.H,)]* (8) 
(Fig. 1). 

As might be expected, the calculations (Table 3) 
showed that the highest occupied molecular orbital 
(HOMO) of the cation 7 (— 11.87 eV), which is mainly 
formed by the Fe d,, and the m-bonding combination 


xy 


of the p, orbitals of the -C=C- group (Fig. 2), is 
totally located on the Fe-C=C-— alkynyl moiety with- 


out significant participation of the other Fe atom or- 
bitals. However, the second- and third-highest occupied 
MOs are also located in the Fe-C=C alkynyl fragment, 
and only the fourth-highest occupied MO (MO 65) with 
é= —12.02 eV is totally localized on the —CN—Fe 
moiety. This might suggest that the second oxidation of 
the complex should also occur at the Fe-alkynyl frag- 
ment although, as indicated by the experimental results, 
it must be related to the MO 65 that is located on the 
CN-—Fe moiety of the molecule. This is because, after 
the first oxidation, the d-orbital energies of the oxidized 
iron atom should be more negative, making the MOs 63 
and 64 of the monocation lower in energy than the MO 
65 of the dication. 

The ordering in the energy of the MOs localized at 
the Fe—C=C, and Fe—-NC-— moieties in 7 were the same 
as those corresponding to the mononuclear models 
[Fe(C=CMeXPH,)(C,H,)]* (e(HOMO) = — 11.87 


Table 3 


MO 62- HOMO 


MO 65 
Fig. 2. Selected MOs for 7. 


eV) and [Fe(NCMeXPH,),(C,H,)]* (e(HOMO) = 
— 12.02 eV), which have also been studied by Fenske— 
Hall calculations with H in place of Me [6]. 

In the cyanide-bridged model 8 and in contrast with 
the alkynyl-cyano-bridged complex 2 the HOMO 
(—11.94 eV), which again is mainly formed by the 
combination of the Fe d,, orbitals of both fragments, 
and the p, component of the 7 occupied MO of the CN 
ligand (Fig. 3), is delocalized, although mainly located 
(62.55%) on the N-bonded Cp(PH ,), Fe— fragment and 
significantly less (30.21%) on the other fragment. This 
is totally analogous to the case of the complex trans- 
trans-{{PH ,},(CO), Mn—CN-—Mn(CO),{PH,},]*, where 
the HOMO is more localized on the N-bonded site [7]. 
In both cases the effect is due to the higher electronega- 
tivity of the N atom. However, in 8 the second-highest 
occupied orbital (— 11.96 eV) is very delocalized, being 
located more on the N-bonded site (47.03%), but with a 
similar contribution of the C-bonded iron fragment 


Localization of selected molecular orbitals in the model molecules, as measured by the charge matrix elements 





Model molecule Orbital  € N-Fe(PH,,),Cp 


C-Fe(PH,),Cp 





(eV) (PH,), c 


(%) 


(PH), 


(%) 


0.14 
16.61 


(%) 


4.70 
0.33 





7 1.HOMO 
4.HOMO 
8 1HOMO ~-11.94 4.68 12.12 2.24 
2.HOMO = ~11.96 39.29 1.93 5.81 2.36 


* When the Fe—C distance ranged from 1.80 to 2.00 A, the energy varied from — 11.74 to — 11.94 eV. 


- 11.37 ° 
— 12.02 


0.06 
6.18 
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MO 52- HOMO 


MO 53 
Fig. 3. Selected MOs for 8. 


(44.39%). Therefore the first oxidation affects mainly 
the N-bonded iron atom, but the second may affect both 
metal atoms to nearly the same extent. 

The two electrode potentials for the oxidations of 
(C,H, Xdppe)Fe—CN—Fe(dppeXC,H,)[PF,] differ by 
about 0.7 V, whereas the orbital energies of the MOs of 
the model 8 involved in each ionization process are 
almost the same. However, as observed in other cases 
[7], the potentials for the oxidation of 2, 4, 5, 
[Fe(CNMeXdppeXC.H,)]*, and the first [(C,H,)- 
(dppe)Fe—CN—Fe(dppeXC,H,)]* increase almost lin- 
early with the orbital energies of the corresponding 
HOMOs of the models (for the molecule 
[Fe(CNMeXdppeXC,H,)]* the computed HOMO en- 
ergy is —12.09 eV). Therefore the potential for the 
second oxidation of [(C;H,dppe)Fe—-CN—Fe(dppe)- 
(C,H,)]* appears to be much higher than the value 
expected for the orbital energy of the corresponding 
HOMO of this cation. This is due to the extended 
electron delocalization in the cyanide bridged species. It 
shows that, after the first oxidation of the molecule, not 
only the d-orbital parameters of the N-bonded iron 
atom, but also those of the C-bonded ion atom must 
become more negative to account for the second oxida- 


tion. In other words, the oxidation of the monocation 
markedly affects both Fe atoms. 

It is unfortunate that the instability of the binuclear 
cyanide-bridged dications and trications prevents good 
experimental examination of its magnetic and spectro- 
scopic properties. 


3. Experimental part 


All reactions were carried out under dry dinitrogen 
with standard Schlenk techniques. The IR spectra were 
recorded with a Perkin-Elmer FT 1720-X spectrometer. 
NMR spectra were recorded on a Bruker AC-300 instru- 
ment. Elemental analyses were performed with a 
Perkin—Elmer 240 microanalyser. The cyclic voltammo- 
grams were measured with a PAR M273 instrument. 
The auxiliary electrode was a platinum wire, and the 
working electrode was a platinum bead. The reference 
was a Calomel electrode separated from the solution by 
a a fine-porosity frit and an agar—agar bridge saturated 
with KCl. Solutions were 0.5 x 10~* M in the com- 
plexes and 0.1 M in ["NBu,)[PF,] as supporting elec- 
trolyte. Under the same experimental conditions E, ,, 
for the ferrocene—ferrocenium couple was 0.46 V, with 
a peak separation of 76 mV. 

The alkyne NC-CH,CH,-—C=C-H [8], and the 
complex [Fel(dppeXC,H,)] [1] were prepared as de- 
scribed. The two-step preparation of 2 (see below) is 
based on similar published methods for Fe alkynyls 
with CO or diphosphines [4,5,9]. The red complex 
[Fe(NCMeXdppeXC,H,)[PF, [10,11], was prepared 
with a good yield by reaction overnight at room temper- 
ature of the neutral complex [Fel(dppeXC,H.)] with an 
excess of NCMe in CHCl, in the presence of NH ,[PF,] 
filtering and precipitating with ether. Anal. Found: C, 
55.7; H, 4.29; N, 1.70, Cale.; C, 56.2; H, 4.54; N, 
1.89%. The yellow [Fe(CNMeXdppeX C,H.) [PF] was 
obtained also with a good yield by adding Mel and 
K[PF,] to a solution of [Fe(CNXdppeXC,H.)] in THF 
and stirring overnight at room temperature, filtering and 
precipitating with ether. Anal. Found: C, 55.5; H, 4.47; 
N, 1.72. Cale.: C, 56.2; H, 4.54; N, 1.89%. 


3.1. Preparation of [Fe(C=C-—CH,CH,—CN)(dppe)- 
(C,H,)] (2) 


A solution of HC=CCH,CH,—CN (0.33 ml, 4.17 
mmol) in THF (20 ml) was cooled to — 20°C, and 2.7 
ml of 1.6 N LiBu in hexane (4.32 mmol) were added 
dropwise with stirring. Stirring was continued for 4} h, 
and the mixture was cooled to —80°C. A solution of 
[FeCKCO),(C,H.)] (0.9 g, 4.24 mmol) in THF (25 ml) 
was added dropwise and, after 1 h, the mixture was 
allowed to reach room temperature, stirred for two more 
hours and filtered through 1 cm of alumina, to give a 
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yellow solution of [FeC=C-—CH,CH,—CNXCO),- 
(C,H,)] (1) (IR: v(CO) 2036s 1987s cm~') (occasion- 
ally mixed with some [Fe,(CO),(C,H,),]). This solu- 
tion was concentrated to 30 ml, dppe (1.73 g, 4.34 
mmol) was added, and the mixture was irradiated at 
— 20°C until no v(CO) absorptions could be observed 
in the IR spectrum (about 5 h). The resulting red 
solution was filtered through Celite and evaporated to 
dryness. The residue was extracted with diethyl ether 
and the extracts were filtered through alumina (1 cm) 
and evaporated to dryness, to give a red solid that 
contained some dppe. This was washed five times with 
20 mi of hot hexane to give 2 (Yield, 0.6 g, 1 mmol 
(23.7%). Anal. Found: C, 72.1; H, 5.53; N, 2.30. Calc. 
72.4; H, 5.53; N, 2.35%. 


3.2. Preparation of [(C,H,)(dppe)Fe =C =CH-CH,- 
CH,—CN]|[BF,] (3) 


A mixture of 2 (0.106 g, 0.177 mmol) in THF (15 
mi) and HBF, - Et,O (0.03 ml, 0.0286 g of solution of 
85%, d= 1.1 g cm~*, equivalent to 0.2 mmol of acid) 
was stirred for 30 min. The volatiles were evaporated in 
vacuo, and the residue was washed once with diethyl 
ether and dissolved in CH ,Cl,. The solution was treated 
with dried K,CO,, filtered and concentrated. Addition 
of diethyl ether gave a red—orange precipitate of 3a 
(yield, 0.08 g (66%)). Anal. Found: C, 62.9; H, 4.76; N, 
1.56. Calc.: C, 631; H, 4.97; N, 2.00%. 


3.3. Preparation of [(C;H,)(dppe)Fe-NC—CH,CH,- 
CCHI|PF,] (4) 


A mixture of [Fel(dppeXC,H,)] (0.2 g, 0.31 mmol), 
and the alkyne HC=CCH,CH,CN (0.5 ml, 6.32 mmol) 
in CH,Cl, (20 ml) was stirred overnight with solid 
NH, [PF,] (0.2 g, 1.2 mmol) at room temperature. The 
mixture was filtered (Celite) and evaporated to dryness. 
The resulting solid was washed with ether and dried in 
vacuo to give 4 as a red microcrystalline powder (yield, 
0.15 g (65%)). Anal. Found: C, 58.4; H, 4.47; N, 1.97. 
Calc.: C, 58.2; H, 4.58; N, 1.88%. 


3.4. The formation of [(C,H,)(dppe)Fe-C =C-CH,- 
CH,-—CN-Fe(dppe)(C,H,)]|PF,] (5) 


A mixture of 2 (0.09 g, 0.15 mmol) and [Fe(NCMe)- 
(dppeXC,H,)] (0.056 g, 0.1 mmol) in CH,Cl, (15 ml) 
was stirred in the absence of light overnight and evapo- 
rated to dryness in vacuo. The residue was redissolved 
in 15 ml of CH,Cl, and the treatment was repeated 
three more times. The final residue was dissolved in 20 
ml of CH,Cl,, filtered and concentrated to 2 ml. Addi- 
tion of a large excess of diethyl ether and stirring gave a 
red—brown solid that was repeatedly washed with di- 
ethyl ether until no neutral 2 was detected in the 


Table 4 

Bonding distances used in the models 

Model cation * Fe-N FeC NC C=C 
A f& A &€* 


[Fe]}-C=C-CH ,CH , —CN-[Fe] 1.946 1.920 1.130 1.181 
[Fe]—NC-—Me 1.946 1.130 
[Fe]}—C=C-—Me 1.920 1.181 
[Fe]—CN—Me 1.860 1.150 
[Fe]—CN-{Fe] 2.083 1.914 1.107 


* [Fe] = Fe(PH,),Cp. 











extracts (yields, about 0.07 g). This product was used 
for the cyclic voltammograms. 


3.5. Computational details 


EH MO calculations [12] were carried out using the 
modified Wolfsberg—Helmholz formula [13]. The atomic 
parameters were taken from the literature [14]. The 
bonding distances used in the models [15] are indicated 
in Table 4. Other distances were as follows: Fe—P, 
2.214; P-H, 1.437; Fe—Cp-—centre, 1.706; C.,-C,,, 
1.500; CC—-CH,, 1.460; CH,—CH,, 1.514; CH,-CN, 
1.470; C—H, 1.080. 

The angles around the CH, carbon atoms were 109.5° 
and between the Fe—CC vector and the Fe—PH, bonds, 
and between the two Fe—PH, bonds were 90°. The 
calculation showed that changing the last to 109° did 
not modify substantially the results. The HPH angles 
were the tetrahedral. 

The calculations were carried out on a Micro VAX 
3400 computer at the Scientific Computer Center of the 
University of Oviedo with a locally modified version of 
the program Icon. MO drawing were generated with the 
use of the program Cacao [16]. 
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Abstract 


The monoallenylidene complex [Cp,Mo.,(CO),{ u-o :n?-C=C=C(FcXH)}] (5) and the diallenylidene complex [{Cp,Mo(CO),{ - 
a :n’-C=C=C{(H))},Fc] (6) have been obtained from the corresponding monocarbenium ion [Cp,Mo,(CO),{ u-n?:7°-HC=C- 
C(HXFc))[BF,] (3) and the dicarbenium ion [{Cp,Mo(CO),{ u-n?:n*-HC=C-C(H)}, Fe] {BF,)},] (4) respectively, and their spectro- 


scopic data are determined. 


Keywords: Iron; Ferrocene; Molybdenum; Carbenium ions; Allenylidene complexes 





1. Introduction 


In the cationic compounds [Cp, Mo,(CO),{ u-7?:n?- 
HC=C-C(R, XR,)}[BF,] the metal exerts a powerful 
stabilizing effect at the adjacent propargylic carbenium 
ion centre [1-12]. Various nucleophiles can alkylate 
these cations [1,6,13]. We have previously described the 
unexpected selective abstraction of the acetylenic proton 
in the carbenium ions by the acetylide reagent LiC=C-— 
C(CH,)=CH, [14] (Scheme 1). The resulting com- 
pounds were y-o:n* allenylidene species [Cp,Mo,- 
(CO),{ u-o :n’-C=C=C{R,XR,)}]. The first example 
of such a compound was made by Green and co-workers 
by a different procedure [15]. 

Secondary (R, or R, = H) and primary (R, = R, = 
H) allenylidene complexes are thermally unstable (un- 
like the tertiary derivatives) and must be kept in solu- 
tion below —35°C to prevent degradation. The sec- 
ondary allenylidene complexes A (R, = Et, R, =H) 
and B (R, = Me, R,=H) (Scheme 2) exist as two 
diastereoisomers depending on the relative position of 
the substituents on the C, atom. 


* Corresponding author. 
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We describe herein further secondary allenylidene 
compounds with a ferrocenyl substituent (R = Fc, 
{((C,H,)Fe(C,H,)}). We hoped that the presence of a 
bulky substituent on the carbon chain could lead to the 
formation of only one diastereomer of a thermally stable 
allenylidene complex. Increasing demand for new mate- 
rials, and particularly metallocene compounds, which 
might exhibit properties essential for second-order non- 
linear optical (NLO) behaviour [16,17], could make 
allenylidene complexes with a ferrocenyl substituent 
very attractive. We also report the synthesis of interest- 
ing starting materials and synthetic intermediates, which 
we have described elsewhere [18]. 


2. Results and discussion 


The route to dimolybdenum allenylidene complexes 
involves the activation of 2-propyni-ol (HC=C- 
C(OH\R, XR,)) and comprises three steps (method A, 
Scheme 3): 

(1) formation of the alkyne adduct with a tetrahedral 
C,Mo, by treatment of the triply metal—metal 
bonded species [Cp,Mo,(CO),] with the appropri- 
ate alkyne; 
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(2) protonation of [Cp,Mo,(CO),{ u-n?:n?-RC=C- 
C(OHXR,XR,)}] followed by elimination of water 
gives the carbenium ion; 

(3) addition of LiC=C-C(CH,)=CH, to the carbe- 
nium ion in [Cp,Mo,(CO),{ u-n?:n?-HC=C- 
C(R, XR.,)}][BF,] leads to the allenylidene complex 
[Cp, Mo,(CO),{ p-o :n?-C=C=C{R, XR, )}]. 

An important feature of method B (Scheme 3) is that 

treatment of the -alkyne compound [Cp,Mo,(CO),{ y- 

n?:7?(HC=C-—C(OHXHXFc)}] (1) with Al,O, or SiO, 
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(chromatography) causes direct elimination of H,O to 
yield an allenylidene complex. These various features 
are described separately below. 
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2.1. Coordination by [Cp,Mo,(CO),] 


The classical procedure for the synthesis of y-alkyne 
compounds is used [19], involving addition of 
[Cp,Mo.(CO),] to a solution of the alkyne (HC=C- 
C(OHXH\Fc)) followed by stirring for 18 h at room 
temperature yields the compound [Cp,Mo,(CO),{ p- 
7’ :7’°4{HC=C—C(OHXHXFe)}] (1) (80%). In contrast, 
heating of the solution is necessary in the case of bulky 
alkynes [20]. 

For (1) the shift of the acetylenic proton resonance 
(H-C=) is, as expected, upfield from that of the free 
alkyne, i.e. 5.50 ppm for complex (1) compared with 
2.60 ppm for HC=C-C(OHXMH\Fe). The J(=C-H) 
coupling constant is also changed, being 212 Hz for 
compound (1) and 250 Hz for HC=C—C(OHXH\ Fc). 

The dipropargyl alcohol derivative complex 
[{Cp, Mo,(CO),( u-n?:n?-H-C=C-—C(OH\H))},(Fe)] 
(2), was obtained from the diyne compound {H-C=C- 
C(OH\H)},(Fe), by a procedure very similar to that 
used for complex (1) (Scheme 4). 

A mixture of monocoordinated and dicoordinated 
compounds is usually formed in the reaction of 
[Cp,Mo,(CO),] with diynes, as for example in the case 
of octa-1,7 diyne [21] or hexa-1,5 diyne [22]. The 
mixture obtained from the diol [{Cp,Mo,(CO),( u- 
n’:7?-H-C=C-—C(OH\(H))},(Fe)] (2) is expected to be 
difficult to separate chromatographically because com- 
pound (2) decomposes on silica or alumina columns. In 
order to avoid this complication the formation of the 
monocoordinated compound was prepared by stirring 
the solution of the diyne compound {H-C=C- 
C(OHXH)},(Fc) in the presence of an excess of 
[Cp,Mo,(CO),] for 36 h. 

A very important feature of ferrocene compound (2) 
is the presence of two stereogenic functionalized side 
chains, which means that theoretically both racemic 
(RR + SS) and meso (RS=SR) forms are possible. The 
'H NMR spectrum for the crude product mixture dis- 
plays a complex profile of (C;H,—Mo) and (C,H,—Fe) 
resonances due to the presence of the two stereoiso- 
mers. Repeated extractions with cold pentane gave a 
single isomer, but analysis of its spectroscopic data does 
not allow us to conclude whether it is the RS or the 
(RR + SS) diastereoisomer. As alcohol (2) contains 
stereogenic carbon atoms, two resonances are observed 
for the (C,H,—Mo) groups, as in the case of other 
diynes complexes [Mo,Cp,(CO),( u-n?:n?-HC= 
CC({R,XR,)—], (R, = H, R, = Me [6]; R, =H, R, = Et 
(7). 


2.2. Synthesis of the carbenium ions 
Addition of HBF, to compounds (1) and (2) leads to 


formation of the corresponding carbenium ion salts 
[Cp,Mo,(CO),{ u-n*:n?-HC=C-—C(HXFc)}[BF,] (3) 


and [{Cp,Mo,(CO),( u-n?:n*?-HC=C-C(H))}, Fe}- 
[{BF,},] (4) by elimination of H,O. The carbon atom 
bearing the positive charge in compounds (3) and (4) is 
adjacent both to a ferrocenyl substituent and to an 
acetylenic cluster. It has been demonstrated that the 
dimolybdenum cluster is mainly responsible for the 
stabilization of the C* centre in the salt [Cp,Mo,- 
(CO),{ u-n?:n°-CH ,(CH,),-C=C-—C(H\Fc)} IBF, } 
[23,24]. The cation in the latter compound and that in 
the complex (3) both contain secondary carbenium ions; 
the signals from the (C*—H) protons in acetone d,, 
8.16 ppm and 7.88 ppm respectively, both lie upfield, as 
expected for a proton on a positively charged centre. 
Examination of the non-decoupled ‘°C NMR spectrum 
of compound (3) and comparisons with NMR data for 
various carbenium ions previously reported allowed us 
to assign the various signals. 

Although less extensively studied, several dicarbe- 
nium ions (essentially dimetallic complexes) have been 
described [25]. The dication (4) is a tetrametallic dicar- 
benium ion whereas that in the compound [Cp,- 
Mo,(CO),(CH,C=CCH, IBF, |, [26] is a bimetallic 
dication with a (C,H,)** ligand. Compound (4) be- 
haves as if it were two independent carbenium ions, like 
the Co,(CO), complexed propargyl dication described 
by Nicholas and co-workers [27]. The dicarbenium 
complex (4) and the monocarbenium compound (3) 
display quite similar 'H NMR spectra between 4.3 and 
8 ppm. The very low solubility of compound (4) has so 
far prevented us obtaining suitable crystals for an X-ray 
study. 

As expected for secondary carbenium ions [23,24,28], 
the 'H and ‘°C NMR spectra of compounds (3) and (4) 
recorded in acetone d, solution at room temperature 
indicate that these molecules show no chiral features: 
the (C;H,—Mo) groups display only one signal and two 
pseudotriplets appear for the (C,H,—Fe) protons with a 
AA BB’ spin system with J,, =~ 2 Hz. 


2.3. Synthesis of the allenylidene complexes 


Addition of LiC=C-—C(CH,)=CH, to a cooled sus- 
pension of [Cp,Mo,(CO),{ u-n?:n?-HC=C-C(H)- 
(Fc)}][BF, ] (3) caused an immediate colour change from 
violet to green (Scheme 3). Elemental analysis, IR and 
NMR spectral data are consistent with the formation of 
a p-o:n*(4e~) allenylidene complex [Cp,Mo,- 
(CO), u-o :?-C=C=C(FeXH)}] (5). 

When solutions of the secondary allenylidene com- 
pounds previously described are warmed to room tem- 
perature fast decomposition occurs, the green solution 
turning to red and an intractable mixture being formed. 
In contrast, compound (5) is thermally stable for a short 
time in solution even at room temperature. Electron 
release by the ferrocenyl group should stabilize the 
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allenylidene moiety as in allenylidene compounds with- 
out H-substituents on the Cy atom. 

The °C NMR spectrum of (5)recorded at — 10°C 
exhibits one signal for the Ca atom, at 282 ppm, four 
signals for the carbonyl ligands, between 239 and 230 
ppm, and two peaks in the (C,H,—Mo) region. Com- 
pound (5) exists as only one diastereomer. We assume 
that for these reasons the most favoured isomer is that 


i 


shown in Fig. 1, in which the H-substituent is closer to 
the CpMo(iXCO), group; the ferrocenyl ligand and the 
CpMo(1XCO), group are probably in a trans disposi- 
tion. It is noteworthy that only one isomer (the thermo- 
dynamically preferred diastereomer) is also observed in 
the case of vinylidene compounds [Cp,Mo.,(CO),{ p- 
o:7’{(C=C(RXR’))}] containing two different sub- 
stituents R and R’ [15]. 
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Fig. 1. 'H NMR spectra of compounds [Cp,Mo,(CO),{ u-n?:n?-HC=C-C{OHKHXFe)}] (1), (Cp, Mo,(CO),{ u-n?:9?-HC=C-C(H\Fe)} [BF4] 
c 


(3) and [Cp, Mo,(CO),{ p-o :n*C=C=C({FcXH)}] (5). 
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Owing to the presence of asymmetrically bridged 
allenylidene ligand, the effective symmetry for com- 
pound (5) is C, at room temperature: the two cyclopen- 
tadieny] ligands linked to a molybdenum centre are in a 
different environment [15] and so two signals are ob- 
served in the 'H and C NMR spectra. The four 
protons of the (C,H,—Fe) group are all magnetically 
inequivalent and form an ABCD spin system, as in the 
case of ferrocenyl compounds containing a stereogenic 
centre. 

The diallenylidene compound [{Cp,Mo,(CO),( u- 
o:n?-C=C=C(H))}, Fe] (6) is obtained by the same 
procedure as that used for complex (5) but using an 
excess of LiC=C—C(CH ,)=CH,. The thermal instabil- 
ity of compound (6) prevents satisfactory elemental 
analysis (see Section 3). This instability is like that of 
the diacetylenic compound Fce—-(C=C-—H),, whereas the 
characterisation of the monoacetylenic compound Fc— 
C=C-H is easier [29]. Except for the (C,H.—Fe) sig- 
nal, the 'H NMR spectrum of compound (6) has twice 
as many peaks as the monoallenylidene complex (5): 
there are two singlets, at 6.60 and 6.65 ppm, corre- 
sponding to the (CyH) protons, four inequivalent cy- 
clopentadienyl resonances and eight multiplets (not al- 
ways well resolved) from the (C, H,—Fe) protons. Com- 
pound (6) exists in solution as a mixture of two di- 
astereomers, the meso and racemic forms. This is also 


the case for the diol Fe-(C(OHXHXPh)}, which pos- 
sesses two stereogenic centres [30]. However, in the 
case of the diallenylidene complex (6) the chirality 
arises from the presence of the asymmetrically bridged 
allenylidene ligands. Attempts to separate the two iso- 
mers by fractional crystallization have been unsuccess- 
ful due to decomposition. 


2.4. One step synthesis of allenylidene compounds 


An alternative way of preparing complex (5) in- 
volves chromatography of compound [Cp,Mo,- 
(CO),{ u-7?:9?-HC=C-—C(OHXHXFe)}] (1) on a silica 
column. Small amounts of [Cp,Mo,(CO),] were first 
eluted with a hexane—dichloromethane mixture. A sec- 
ond band containing traces of the starting material (1) 
was eluted with pure dichloromethane. When diethyl 
ether was added to the column it turned green and the 
complex (5) formed was eluted in moderate yields 
(17%). 

By using the same procedure, but starting from the 
diol [{Cp,Mo,(CO),( u-?:n?-HC=C—C(OH\(H))},- 
(Fc)] (2), only very low yields of diallenylidene com- 
plex (6) were isolated because of its instability. 

This type of reaction has only been observed previ- 
ously for the p-alkyne complexes with a ferroceny] 
substituent. Probably the mild acidity of the silica gel 
suffices to produce the ferrocenyl carbocation [31], 
which rearranges to the allenylidene compound. 


In conclusion, a convenient method for the prepara- 
tion of monoallenylidene and diallenylidene compounds 
of ferrocene is outlined in this paper. The diallenylidene 
compound [{Cp,Mo,(CO),( u-o :n?-C=C=C(H))},- 
(Fc)] (6) is unstable. Incorporation of metals into NLO 
systems has much potential in this field of study [15,16], 
and so we are seeking methods of obtaining more stable 
allenylidene complexes of ferrocene. 


3. Experimental details 


All reactions and purifications were performed under 
dinitrogen using Schlenk techniques. The solvents were 
freshly distilled under dinitrogen from drying agents as 
follows: sodium—benzophenone for THF and toluene, 
CaH, for dichloromethane, hexane and diethyl ether. 
The deuterated solvents were dried over activated 
molecular sieves prior to use. 

The infrared spectra were obtained with a Perkin— 
Elmer 1430 spectrometer, using solutions in CHCl, or 
KBr pellets. Infrared frequencies are reported in 
wavenumbers (cm ~'). 

The 'H and “C NMR spectra were recorded on a 
Bruker AC 300 instrument ('H, 300.13 MHz; ‘°C, 
75.47 MHz). Chemical shifts are reported in units of 
parts per million (ppm) relative to a tetramethylsilane 
internal reference. Coupling constants are reported in 
hertz. 

Mass spectra were obtained with an HP 5695 gas 
chromatography—mass spectroscopy apparatus. The 
m/e values were based on the ” Mo isotope. 

Analyses were performed at the Service Central 
d’ Analyses of the CNRS. 

The complex [Cp,Mo,(CO),] was obtained by a 
published method [32]. The starting compounds H- 
C=C-C(OHKMHMFe) and {H-C=C-C(OH\H)},(Fc) 
were readily made from ferrocene aldehyde and 1,1'- 
ferrocene dialdehyde [33,34] by standard procedures 
[35]. LiC=C-—C(CH,)=CH, was prepared from Li* Bu 
(2.5 M in hexane) and HC=C-—C(CH,)=CH, in THF 
[36]. 


3.1. Synthesis of [Cp,Mo,(CO), p-n’?:n?-HC=C- 
C(OH)(H)(Fe)}] (D) 


H-—C=C-C(OHXMH\ Fe) (0.44 g, 1.84 mmol) was 
added to a solution of [Cp,Mo,(CO),] (0.8 g, 1.84 
mmol) in toluene (60 ml). The mixture was stirred at 
room temperature for 18 h. The solvent was removed in 
vacuo and the residue was chromatographed on a Florisil 
column. Elution with a hexane—dichloromethane mix- 
ture (70:30 in volume) afforded complex (1) (yield, 1 g; 
80%). 

Spectroscopic data for (1): 

'H NMR (toluene d, solution): 5.50 (d, 1H, HC=, 
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“J(H-H) = 0.5 Hz); 5.32 (d, 1H, HC, *J(H-H) = 2.25 
Hz); 4.97 (s, SH, C;H,—Mo); 4.86 (s, SH, C;H,—Mo); 
4.09 (m, 1H, CH, }; 3.85 (m, 3H, C,H,): 4.01 (s, 5H, 
C;H,-Fe). 3C NMR (C.D, solution): 233.3, 233.1, 
229.1 (CO); 96.8 (C1); 91.2 (C, H,—Mo); 91.1 (C;H.- 
Mo); 75.2 (Cl, d 'y(C-H) = 147 Hz); 87.9 (C3, d, 
'J(C-H) = 212 Hz); 59.5 (C2); 68.8 (CsHs—Fe); 69.5 
(CsH,, d, 'J(C-H) = 176 Hz); 64.2 (CsH,, 4, 'I(C- 
H) = 176 Hz); 67.6 (C;H,, 4, '7(C-H) = 176 Hz); 
67.4 (C.H,, d, '(C-H) = 175 Hz). IR (KBr pellet): 
v(CO): 1995, 1910, 1830. MS: (m/e) 656: [M—-H,0]*; 
600: [M—-H,0-2CO]*; 544: [M—H,0-4CO]*. ‘Anal. 
Found: C, 47.13; H, 3.78. C,,H,,FeMo,0,. Calc.: C, 
48.10; H, 3.22%. 


3.2. Synthesis of [{Cp,Mo,(CO),( u-n?:n?-H-C =C- 
C(OH)(H))},(Fe)] (2) 


[Cp,Mo,(CO),] (4.7 g, 10.9 mmol) was added to a 
freshly prepared solution of {H-C=C-—C(OH\H)},(Fc) 
(1.28 g, 4.4 mmol) in toluene (40 ml) and the mixture 
stirred for 36 h. Work-up as for compound (1) gave 3.3 
g (yield 65%) of (2). 

Spectroscopic data for (2): 

'H NMR (CDCI, solution). After extraction with 
pentane, only one dlestereolsomer was recovered: 5.89 
(s, 2H, 2 HC=); 5.09 (s, 10H, 2 C;H,—Mo); 4.93 (s, 
10H, 2 C;H,—Mo); 4.13 (s, 2H, 2 HO or 2 HC); 4.01 
(t, 4H, C. -H,, (H2’- 5), °J(H-H) = 2.1 Hz); 3.89 (t, 
4H, C,H,, (H3’-4’), °J(H-H) = 2.0 Hz); 3.84 (s, 2H, 2 
HO or 2 HC). “H NMR (CD,CI, solution, 272 K) 
(below 272 K coalescence occurred: at higher tempera- 
tures compound (2) decomposed in the solution before 
the spectrum could be fully recorded): 233.1, 232.6, 
229.0 (CO); 97.1 (CI’); 92.3 (C3, d, I(C- H) = 185 
Hz); 91.3, 91.2 (C;H,—Mo); 74.7 (C1, d, 'J(C-H) = 
141 Hz); 14.5-67.7 (C,H, -Fe); 60.3 (C2).IR (KBr 
pellet): v(CO): 1995, 1910, 1830. Anal. Found: C, 
45.91; H, 3.22. C,,H,FeMo,0,,. Calc.: C, 45.47; H, 
2.95%. 


3.3. Synthesis of [Cp,Mo,(CO),{ u-n?:n?-HC =C- 
C(H)(Fo)}] (BF, ] (3) 


To a stirred solution of (1) (1 g, 1.84 mmol) in 
diethyl ether (80 ml) was added dropwise a solution of 
0.5 ml of HBF, in diethyl ether. The violet precipitate 
was filtered off and washed with diethyl ether (3 x 7 
ml) to leave 1.33 g (yield 97%) of (3). 

Spectroscopic data for (3): 

‘H NMR (acetone d, solution): 7.88 (s, 1H, HC1); 
6.76 (s, 1H, HC3); 5.16 (s, 10H, 2 C,H,—Mo); 4.69 (t, 
2H, C;H,, (H2’- 5), °J(H-H) = 1. 85 Hz); 4.56 (t, 2H, 
C,H,, (H3’-4’), °J(H-H) = 1.85 Hz); 4.26 (s, 5H, 
CsH,-Fe). "°C NMR (acetone d,): 223.0 (CO); 120.8 
(Cl, d, *KC- H) = 168.4 Hz); 102.3 (CI); 94.1 
(C,H.—Mo, d, 'J(C-H) = 183.0 Hz); 86.2 (C2); 76.9 


(C3, d, 'J(C-H) = 224.3 Hz; *J(C-H) = 5.6 Hz); 71.0 
(C,H,-Fe, d, 'J(C-H) = 176.9 Hz); 72.5 (C3-C4’, d, 
'J(C-H) = 177.5 Hz); 65.8 (CS'-C2’, d, ‘J(C-H) = 
180.1 Hz). IR (KBr pellet) »(CO): 2015, 2000, 1875; 
v(BF): 1100. Anal. Found: C, 43.80; H, 2.93; F, 10.72. 
C,,H,,BF,FeMo,0,. Calc: C, 43.59; H, 2.85; F, 
10.21%. 


3.4. Synthesis of [{Cp,Mo,(CO),( u-n?:n?-HC=C- 
C(H))}, Fel [{BF,},] (@ 


To a solution of (2) (2 g, 1.7 mmol) in 30 mi of 
dichloromethane (complex (2) is less soluble than (1)). 
was added 0.3 ml of a solution of HBF, in diethyl! ether. 
An immediate change of colour from red to violet 
occurred. Addition of 60 ml of diethyl ether and cooling 
to — 15°C yielded a violet precipitate of compound (4) 
(1.9 g, 88%). 

Spectroscopic data for (4): 

'H NMR (acetone d,): 7.7 (s, 2H, 2 HC1); 6.73 (s, 
2H, 2 HC3); 5.72 (s, 20H, 4 C;H,—Mo); 4.75 (t, 4H, 
C,H,, 2 (H2’-S’), *J(H- H) = 1.87 Hz); 4.56 (t, 4H, 
C.H,, 2 (H3’-4’). °C NMR (acetone d,): 116.3 (C1); 
105.5 (CI’); 94.3 (C;H,—Mo); 88.0 (C2); 77.6 (C3); 
74.1 and 74.0 (C,H, C2, C3’, C4’, CS’); CO not 
observed. IR (CH,Cl,): v(CO): 2040, 1995, 1875; 
v(BF): 1050. Anal. Found: C, 40.07; H, 3.01; F, 9.98. 
C,,H,,B,F,FeMo,0,. Calc.: C, 40.59; H, 2.47; F, 
11.67%. 


3.5. Synthesis of [Cp,Mo,(CO),{ p-o:n?-C=C= 
C(Fc)(H)}] (5) 


Method A: compound (3) (1 g, 1.34 mmol) was 
added to a suspension of LiC=C-—C(CH ,)=CH, gener- 
ated from HC=C-C(CH,)=CH, (0.15 ml, 1.6 mmol) 
and Li"Bu (0.54 ml, 1.34 mmol) in THF frozen in 
liquid nitrogen. The excess of HC=C-—C(CH,)=CH, 
was used to prevent oligomerisation [35]. Dichloro- 
methane (SO ml) was added, causing a rapid colour 
change from violet to green. The solution was allowed 
to warm to room temperature and was then filtered 
quickly through a Celite pad (3 x5 cm) to remove 
LiBF,. After removal of the solvent in vacuo the crude 
solid was extracted with diethyl ether and yielded 0.38 
g (43%) of (5). 

Method B: a solution of complex (1) (0.5 g, 0.74 
mmol) in dichloromethane was rapidly eluted through a 
silica gel column made up with hexane. Small amounts 
of [Cp,Mo,(CO),] (elution hexane—dichloromethane, 
4:1 in volume) and traces of unchanged compound (1) 
(elution dichloromethane) were first collected. Elution 
with diethyl ether then afforded the green allenylidene 
complex (5) (0.08 g, yield 17%). 

Spectroscopic data for (5): 

'H NMR (C,D,): 6.59 (s, 1H, =C(H)—Fe); 5.02 (s, 
5H, C,H, ~Mo); 4.98 (s, 5H, C,H.—Mo); 4.91 (m, 1H, 
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C.H,); 4.64 (m, 1H, C,H,); 4.29 (m, 1H, CsH, ); 4.23 
(m, iH, C.H,); 3.99 (s, 5H, C;H,—Fe). “C NMR 
(acetone d,) —10°C: 281.9 (Mo=C); 239.0, 235.8, 
232.8 and 230.8 (4 CO); 149.2 (Mo=C=C); 137.6 
(Mo=C=C=C(H), d, ‘J(C-H) = 165 Hz); 98.5 (C, 
(C, H,) quaternary carbon atom); 96.2 (C sH— —Mo, d, 
(C- ‘W) = 177.7 Hz); 94.5 (C sHs— —Mo, d, 'J(C-H) = 
177.1 Hz); 70.6 (C,H.—Fe, d, '(C- H) = 175.8 Hz); 
71.9, 69.1, 69.9 and 69.2 (C.H,, d, 'J(C-H) = 176 
Hz). IR (KBr pellet) v(CO): 1960, 1910, 1850; 
v(C=C=C): 1650. MS: (m/e) 656: [M]*; 600: [M- 
2CO]*; 544: [M—4CO]*. Anal. Found: C, 50.22; H, 
3.10. C,H FeMo,0,. Calc.: C, 49.42; H, 3.07%. 


3.6. Synthesis of [{Cp,Mo,(CO),( p-o:n’?-C=C= 
C(H))}, Fe] (6) 


Compound (4) (0.53 g, 0.41 mmol) was added to a 
suspension of an excess of LiC=C-C(CH ,)=CH, gen- 
erated from HC=C—C(CH,)=CH, (0.2 ml, 2.1 mmol) 
and Li" Bu (0.75 ml, 1.9 mmol) in THF frozen in liquid 
nitrogen. Addition of dichloromethane initiated the reac- 
tion and the solution turned green. The mixture was 
filtered at —30°C and removal of the solvent from the 
filtrate in vacuo left a crude solid which was extracted 
with cold dichloromethane. The extract was concen- 
trated in vacuo to 15 ml and diethyl ether was added to 
give a green precipitate (0.18 g, yield 38%). 

The procedure used for (5), but starting from (2) 
gave [Cp, Mo,(CO),] and small amounts of (6). 

Spectroscopic data for (6): 

'H NMR (toluene d,): 6.60 (s, 2H, 2 =C(H)); 6.65 
(s, 2H, 2 =C(H)); 5.08 and 5.05 (2s, 20H, 4 C.H.- 
Mo); 5.01 and 4.98 (2s, 20H, 4 C,H,—Mo); between 
4.9 and 4.2 ppm eight multiplets (16H, 4 Ca “eC 
NMR data (because of the poor stability of lll 
(6) only some peaks could be assigned): 297.6, 296.4 
(Mo=C); 95.9, 94.1, 92.2, 91.5 (C,;H,—Mo). IR 
(CH,Cl,): v(CO): 1965, 1905, 1850; »(C=C=C): 
1650. 
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Abstract 


Protonation of Os,(CO),( u-COX 24-20 ,n?-HC=CR) (R = CH,OH (1), R = CMe,OH (2), and Os.,( u-HXCO),( 5-0 .29?-C=CR) 
(R = CH,OH (3), R= CMe,OH (4), R= C(Me)=CH, (5)) affords cationic complexes with the Se-and 6e-propargyl ligands 
[Os ,(CO),( p-~COX 25-30 ,n?-HC=CCR,,)]* (R' =H (6), R= Me (7)) and [Os,( u-HXCO),( u,-20,2n?-CCCR,))* (R =H (8), 


R’ = Me (9)) respectively. Reactions of the cationic complexes with PPh, were studied. The treatment of solutions of complexes 6—9 with 
triphenylphosphine leads to the phosphonium derivatives of the Os, clusters Os ,(CO),( u-COX u,-20,n’-HC=CCR’,PPh,) (R’ = H, 
(10); R’ = Me, (11)) as well as complexes Os,( -HXCO),( 4-0 ,27n?-PPh,C=C=CR’,,) (R’ = H (12), R’ = Me (13)) with the novel 
phosphonium allenyl ligand. The cluster Os ,(CO),( ~-~COMHC ,[C(Me)=CH , JCOC]C(Me)=CH,, JCH) (14) was synthesized and its 
X-ray study was carried out (R = 0.0504 for 5510 observed reflections). Crystals of 14 are triclinic, at 20°C: a = 8.591(2), b = 11.437(2), 
¢ = 12.64203)A, a = 93.17(2), B = 104.67(2), y= 101.83(2)°, V = 1168.6(4) A®, d_,. = 2.793 g cm™*, Z = 2, space group P11. 


Keywords: Triosmium clusters; Protonation; Six-electronic propargy! ligand; Phosphonium complexes; Phosphonium allenyl ligand; Crystal 


structure 





1. Introduction 


Recently, interest has grown in complexes containing 
the »°-propargy! ligand coordinated to one [1] or two 
[2] transition metal atoms. At the same time, there is 
less information on the coordination of this ligand to 
three metal atoms. Protonation of compounds contain- 
ing coordinated propargyl! alcohols or vinylacetylenes is 
known as a route to the synthesis of complexes contain- 
ing the n°-propargy! ligand. It is also well known that 
the acetylenic ligand can coordinate to the Os, cluster 
in various fashions, namely in the a ,n?-, 20-, n?-, and 
a ,2n*-modes [3]. Such compounds can be suitable 
objects for the generation of the propargyl cation and 


* Corresponding authors. 
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for the study of its stabilization by the Os,(CO), and 
Os,(CO),, fragments. As early as 1981, some prelimi- 
nary results of protonation of 20 ,n?- and a ,27n*-coor- 
dinated HC=CCMe,OH by Os, clusters in CF,COOH 
were published [4]. To continue our investigations of 
7’-propargy! ligands coordinating mono- and polynu- 
clear species we attempted to study the protonation of 
HC=CCR,OH (R = H, Me) bound to the Os, core in 
more detail. Our preliminary results on the protonation 
of the Os, clusters containing the HC=CCMe,OH and 
HC=CC(Me)=CH, ligands have been reported else- 
where [5]. 

In the present paper, we report the protonation of 
Os,(CO),( x-COX ,-20,n?-HC=CR) (R = CH,OH 
(1), R = CMe,OH (2) and Os,( u-HXCO),( 4-0 ,2n’- 
C=CR) (R=CH,OH (3), R=CMe,OH (4), R= 
C(Me) = CH, (5) clusters, as well as the reactions of 
generated cationic complexes with triphenylphosphine. 
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2. Experimental 


All reactions were carried out in an argon atmo- 
sphere using anhydrous solvents. IR spectra were 
recorded on a Specord IR-75 spectrophotometer. 'H and 
‘°C NMR spectra were measured on a Bruker WP-200 
SY instrument at the operation frequency of 200.13 
MHz using C,D, as a solvent at 25°C and CD,Cl, in 
the temperature range from —60 to —20°C. Chro- 
matography was performed using silica gel of the 
40/100 grade (Chechiya) as an adsorbent. 

Clusters 2 and 4 were prepared according to the 
published procedure [4]; cluster 5 was prepared from the 
Os ,(CO), (MeCN), [5] in 90% yield. 


2.1. Preparation of Os,(CO),( u-CO) 1,-20,n?-HC= 
CCH,OH) (1) 


HC=CCH,OH (0.3 g, 5.27 mmol) was added to a 
solution of Os ,H,(CO),, (0.5 g, 1.758 mmol) in diethyl! 
ether and stirred at 25°C until the initial osmium cluster 
disappeared (chromatography with hexane—ether, 5: 1). 
The solvent was removed in vacuo; the residue was 
poured into the column. The broad orange band contain- 
ing a mixture of 1 and the vinyl cluster Os,( p- 
HXCO),9( 42-0 ,n?-HC=CHCH ,OH (15) was eluted by 
the solvent mixture mentioned. The reaction products 
were chromatographed in 0.02 g portions through a 
layer of silica gel (d = 10 mm, / = 550 mm). Crystal- 
lization of the first band from hexane yielded the dark- 
yellow crystalline compound 1 (0.18 g, 34%). IR 
(hexane): 2100 w, 2062 vs, 2060 vs, 2021 s, 2008 m, 
1848 br cm~'. 'H NMR (C,D,): 1.80 (1H, s, OH), 3.82 
(1H, d, J(HH) = 13.5 Hz, CHH), 4.31 (1H, d, JCHH) 
= 13.5 Hz, CHH), 9.31 (1H, s, =CH). The product 
from the second band was crystallized from hexane to 
give the orange crystalline compound 15 (0.05 g, 9.4%). 
IR: 2103 m, 2061 vs, 2052 vs, 2025 vs, 2013 vs, 1992 
s, 1982 m cm™'. 'H NMR (C,D,): —19.31 (1H, s, 
Os—H-—Os), 0.61 (1H, t, J(HH) = 4.6 Hz, OH), 3.26 
(2H, t, J(HCCH) ~ J(HCOH) ~ 3.9 Hz, CH), 4.02 
(1H, dt, J(HH) = 13.8 Hz, J(HH) = 3.6 Hz, 
=CHCH,), 7.24 (1H, d, J(HH) = 13.8 Hz). 


2.2. The reaction of Os,H,(CO),, with isopropenyl- 
acetylene 


HC=CC(Me)=CH, (0.005 g, 0.07 mmol) was added 
to a solution of Os,;H(CO),, (0.02 g, 0.023 mmol) in 
hexane and stirred for about 3 h until the initial cluster 
disappeared (chromatography with hexane—ether, 5: 1). 
The solvent was removed in vacuo. The column chro- 
matography with a mixture of hexane—ether 5:1 gave 
two dark yellow crystalline compounds. One of them, 
Os,( u-HXCO), 9 4.-0,n?-HC=CHC(Me)=CH,) (16) 
was crystallized from hexane (0.01 g, 47%). IR (hexane): 


2104 w, 2074 m, 2061 vs, 2052 s, 2031 w, 2022 vs, 
2010 s, 1992 m, 1986 w, 1980 w cm~'. 'H NMR 
(C,D,): — 18.44 (1H, s, Os—H-Os), 1.43 (3H, s, CH,), 
4.83 (1H, s, =CHH), 5.13 (1H, s, =CHH), 5.16 (1H, 
d, J(HH) = 14.0 Hz, =CH), 7.13 (1H, d, OHH) = 14.0 
Hz, =CH). The other one also crystallized from hexane 
represents the complex Os,(CO),. (n*-H,C=C(Me)- 
CH=CH.) (17) [6] (0.01 g, 47%). IR (hexane): 2112 m, 
2064 vs, 2032 vs, 2027 s, 2009 s, 1996 w, 1986 m, 
1978 sh cm~'. 'H NMR (CD,Cl,): 0.21 (1H, dd, 
J(HH) = 8.1, 3.0 Hz, =CHH), 0.56 (1H, d, JCHH) = 
3.0 Hz, MeC=CHH), 2.09 (1H, dd, J(HH) = 6.8 Hz, 
J(HH) = 3.0 Hz, HC=CHH), 2.31 (1H, s, 
MeC=CH #H), 2.68 (3H, s, CH,), 5.24 (1H, dd, JCHH) 
= 7.7 Hz, =CH). 


2.3. Preparation of Os,(u-H)(CO),(p,-0,2n?-C= 
CCH,OH) (3) 


A solution of complex 1 (0.3 g) in octane (25 ml) 
was refluxed for 10 min. Octane was removed in vacuo. 
The column chromatography with a mixture hexane— 
ether 5: 1 gave pale-cream crystalline compound 3 (0.23 
g, 80%), which was crystallized from hexane. IR: 2101 
‘m, 2079 vs, 2058 vs, 2023 vs, 2019 s, 1982 m cm™'. 
'H NMR (CD,C1,): —23.30 (1H, s, Os—H-Os), 2.46 
(1H, t, JCHH) = 5.0 Hz, OH), 5.09 (2H, d, J(HH) = 5.0 
Hz, CH,). 


2.4. Preparation of Os,(CO),(-CO){HC,[C(Me)= 
CH,]COC[C(Me)CH,]CH} (14) 


A solution of complex Os ,(CO),( u-COX y,-20,n?- 
HC=CC(Me)=CH.,) 19 (0.22 g) in octane (20 ml) was 
refluxed for 10 min. Octane was removed in vacuo; the 
residue was column chromatographed, and eluted with 
heptane. Cluster 5 (90%) was isolated as a major prod- 
uct [5]. The second band contained the orange crys- 
talline compound 14 (0.02 g, 10%). IR (heptane): 2095 
s, 2074 w, 2057 vs, 2024 w, 2016 s, 2002 m, 1992 w, 
1851 m cm~'. 'H NMR (C,D,): 1.80 (3H, s, CH,), 
1.96 (3H, s, CH,), 5.00 (1H, s, =CH,), 5.04 (1H, s, 
=CH,), 5.15 (1H, s, =CH,), 5.60 (1H, s, =CH,), 7.27 
(1H, s, =CH), 8.05 (1H, s, HC=). 


2.5. Preparation of the phosphonium, clusters [Os,- 
(CO),( p-COM 1;-20,,n?-HC =CCMe, PPh,)]/BF, 
(1D) 


HBF, - Et,O (0.3 g, 0.04 ml, 0.194 mmol) was added 
to a solution of cluster 1 (0.06 g, 0.065 mmol) in 
CH,Cl, (5 ml) cooled to — 60°C. After 5 min, triph- 
enylphosphine (0.02 g, 0.24 mmol) was added, and the 
mixture was stirred at the mentioned temperature for 20 
min. Then the temperature was brought to 25°C. The 
phosphonium complex was precipitated from methylene 
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chloride with ether. The yellow powder 11 was obtained 
(0.04 g, 66%). IR (CHCl, ): 2106 m, 2070 vs, 2058 s, 
2035 m, 1845 br em~'. 'H NMR (CD,Cl,): 1.65 (3H, 
d, J(HP) = 6.8 Hz CH,), 1.74 (3H, d, J(HP) = 6.8 Hz, 
CH,), 7.71 (15H, m, Ph), 9.29 (1H, s, =CH). 

All the protonation reactions followed by the treat- 
ment of cationic intermediates with triphenylphosphine 
and the isolation of the phosphonium compounds were 
performed under similar conditions. Only in the case of 
complexes 4 and 5 was a 30% solution of trifluo- 
romethanesulfonic acid in nitromethane used as a proto- 
nating agent. 


[Os,(CO),( p-COK 15-20, 9?-HC =CCH, PPh,) BE, 
(10) 

Yellow powder (0.025 g, 65.5%). IR (CH,C1,): 2105 
m, 2070 vs, 2058 vs, 2032 s, 2005 m, 1849 br cm™'. 'H 
NMR: 3.95 (1H, dd, J,,(HH) (HP) = 15 Hz, CHH), 
4.25 (1H, dd, J,,(HH) (HP) = 15.0 Hz, CHH), 7.7 
(15H, m, Ph), 8.55 (1H, s, =CH). 


[Os,(4-H(CO),( 2;-0,2n?-PPh,C =C = CH,)] BF, 
(12) 

White powder (0.05 g, 65.3%). IR (CH,Cl,): 2110 
m, 2082 vs, 2060 vs, 2042 s, 2015 s cm™'. ‘H NMR 
(CD,Cl,): —22.0 (1H, s, Os—H-Os), 2.93 (1H, dd, 
J(HH) ~ J(HP) = 2.8 Hz, =CHH), 4.07 (1H, dd, 
J(HH) = 2.5 Hz, J(HP) = 3.7 Hz, =CHH), 7.8 (15H, 
m, Ph). 


[Os,(4-H)(CO),( 25-0,2?-Ph, PC = C = CMe,) BF, 
(13) 
White powder (0.05 g, 65%). IR (CH,Cl,): 2105 m, 


2080 vs, 2059 vs, 2030 s, 2010 m ot. 'H NMR: 
— 23.17 (1H, s, Os—H—Os), 1.99 (3H, s, CH,), 2.09 
(3H, s, CH,), 7.8 (15H, m, Ph). 


2.6. , Preparation of Os,(u-H)(CO),( w,-20,n?- 
Ph, PC=CCH,OH) (18) 


HBF, - Et,0 (0.03 g, 0.04 ml, 0.194 mmol) was 
added to a solution of cluster 3 (0.06 g, 0.068 mmol) in 
CH,Cl, at —78°C. After 5 min triphenylphosphine 
(0.02 g, 0.24 mmol) was added, and the mixture was 
stirred at this temperature for 1 h. The reaction mixture 
was slowly brought to 25°C. The solution was chro- 
matographed through a layer of silica gel (/ = 3 cm, d 
= 1 cm) at — 78°C, then washed with methylene chlo- 
ride at the mentioned temperature. After such treatment, 
there were no traces of the phosphonium cluster 10 
(chromatography with CH ,Cl,—acetone, 5:1). The sol- 
vent was removed in vacuo, and the residue was crystal- 
lized from the ether—hexane mixture. Colourless trans- 
parent crystals of the zwitter-ionic cluster 18 were 
obtained (0.04 g, 50.8%). IR (CH,C1,): 3606 br, 2073 
s, 2046 vs, 2015 vs, 1993 s, 1968 s, 1944 m cm™'. 'H 


Table 1 
Atomic coordinates (x 10*) in 14 





x y 
Os(1) 278X(1) 
Os(2) 2105(1) 
Os(3) 5358(1) 
ov) 6462(9) 
O12) 2008(17) 
0013) 4390115) 
ou4) —518(13) 
os) — 1518012) 
O16) 1535(16) 
017) 1678(11) 
ous) $2112) 
019) 8708(12) 





2025(1) 2822(1) 
293% 1) 801(1) 
3708(1) 23071) 
1600(5) 3162(6) 
4265(10) 379310) 
134711) 5061(8) 
321(10) 2634(10) 
20169) 66310) 
255711) — 16769) 
55407) 994(10) 
3638) — 138) 
467410) 1907(10) 
0(20) 5045(15) 6225(8) 309% 10) 
cu) 2528(13) 1221(8) 1118(8) 
CQ) 3952(12) 9347) 1792(9) 
C3) $237(12) 1932(8) 2395(8) 
4) 736% 12) 25588) 3962(9) 
cS) 7020113) 36379) 3829) 
(6) 4130014) —351(8) 1867(10) 
a7) $401(18) — 66% 11) 1444(17) 
(8) 29920) — 1145(11) 2280(14) 
C9) 855414) 221910) 4888(9) 
C010) 9566(20) 32312) 577111) 
cul) 8711(17) 1085(12) 4942(11) 
(12) 233019) 34212) 3445(12) 
C13) 3808(14) 1588(10) 42379) 
c14) 70% 16) 96% 11) 2718(10) 
C15) — 155(14) 23809) 7211) 
C16) 1704(16) 273711) —75H10) 
17) 188% 14) 4594(10) 930(10) 
C18) 4745(14) 35409) 654(9) 
cu9) 744315) 4317110) 2067(10) 
(20) $115(16) 530K%9) 274701) 





NMR (CD,C1,): — 19.12 (1H, d, J(HP) = 3.3 Hz, Os- 
H-Os), 3.15 (1H, d, J(HH) = 13.0 Hz, CHH), 3.79 
(1H, d, J(HH) = 13.0 Hz, CHH), 7.8 (15H, m, Ph). 


2.7. An X-ray study of Os,(CO),( p-CO){HC,[C(Me) = 
CH,]COC[C(Me)CH,]CH} (14) 


Crystals of 14 are triclinic at 20°C: a = 8.591(2), 
b = 11.437(2), c= 12.6423) A, a=93. ey os 
104.67(2), = 101.83(2)°, V= 1168.6(4) A’, di. = 
2.793 g cm~*, Z = 2, space group P1. Unit cell param- 
eters and intensities of 7463 independent reflections 
were measured on a Siemens P3/PC automatic diffrac- 
tometer (20°C, Mo Ka radiation, graphite monochro- 
mator, 6/26-scans, 6 < 31°). 

The structure was solved by direct methods and 
refined by the full-matrix least squares technique, first 
in the isotropic and then in the anisotropic approxima- 
tion. The hydrogen atoms were not located. The correc- 
tion for absorption ( 4 = 163 cm~') was based on the 
azimuthal scans (7,,,, = 0.270). The final discrepancy 
factors R = 0.0504, R, = 0.0506 for 5510 reflections 
with / > 30 (J). All calculations were carried out with 
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the SHELXTL PLUS programs (PC version) [7] on an IBM 
PC. Coordinates of non-hydrogen atoms are given in 
Table 1. A table of thermal parameters and a complete 
list of bond lengths and angles has been deposited at the 
Cambridge Crystallographic Data Centre. 


3. Results and discussion 


3.1. The synthesis of clusters with acetylenic ligands 


Cluster Os,(CO),( u-COM pw ,-20,n?-HC=CCH, 
OH) (1) was obtained as a hard-to-separate mixture with 
the vinyl derivative Os,( u-H\CO),.( u,-0,n?- 
HC=CHCH,OH) (15) by the treatment of osmium 
carbonylhydride with propargyl alcohol in ether at 25°C. 
Column chromatography of this mixture in small batches 
and recrystallization gave clusters 1 and 15 in the 
34.0% and 9.4% yields respectively. In the IR spectrum 
of 1, there are six CO bands of the terminal CO groups 
and a band at 1848 cm™' of the bridging carbony] 
group. In the 'H NMR spectrum, there is a broad signal 
at 1.8 ppm associated with the hydroxyl group, two 
signals at 3.8 and 4.3 ppm with J,, = 13.5 Hz associ- 
ated with the magnetically non-equivalent protons of the 
CH, group, and a low-field signal at 9.3 ppm of the 
methyne proton. Thus, spectral characteristics are in 
accord with the proposed structure of cluster 1. 

All attempts to obtain cluster Os ,( ~-COMKCO),( w,- 
2a,n’-HC=CC(Me)=CH,) (19) using the same 
method were unsuccessful. The treatment of Os,H, 
(CO),, with vinylacetylene in a 1:1 ratio provided the 
viny! compound Os,( u-H\CO),.( u-o ,n°-HC= 
CHC(Me)=CH.,,) (16) and the product of the selective 
enyne hydrogenation, namely the diene cluster Os, 
(CO),.(n*-H,C=C(CH ,)—CH=CH,) (17), which was 
obtained earlier [6] directly from 2-methyl-1,3-butadiene 
and H,Os,(CO),,. After crystallization, clusters 16 and 
17 were each obtained in 47% yield. In the IR spectrum 
of the vinyl compound 16, there are ten bands of the 
terminal CO groups; in the 'H NMR spectrum, there are 
the following signals: — 18.44 of the bridging hidride, a 
singlet at 1.43 ppm of the methyl group protons, and the 
other signals corresponding to the structure of 16, 
namely two signals at 4.83 and 5.15 ppm (=CH,), and 
two doublets at 5.16 and 7.13 ppm with J = 14.0 Hz 
(HC=CH). In the IR spectrum of the diene cluster 17, 
there are eight bands of the terminal CO groups. The 'H 
NMR spectrum contains the signals: 0.21 (dd, J(HH) = 
8.1, 3.0 Hz, CHH), 0.56 (1H, d, J(HH) = 3.0 Hz, 
MeC=CHH), 2.68 (1H, s, CH,), and 5.24 (1H, dd, 
J(HH) = 7.7 Hz, HC=). 

Cluster 19 was obtained in high yield (85%) by the 
treatment of Os,(CO),,.(MeCN), with isopropenylacety- 
lene in an ether solution at 25°C [5]. 

The thermolysis of 1 and 19 in boiling octane yielded 


the clusters with the five electron acetylide ligands 
Os ,( u-HXCO),( w,-0,2n?-C=CCH,OH) (3) and 

Os,( u-HXCO),( ,-0 ,2n?~-C=CCO(Me)=CH,) (5) in 
high yield (90%). IR spectra of both compounds contain 
the bands of the terminal carbonyl groups; in 'H NMR 
spectra, there are signals of the bridging hydrogen 
ligands at — 23.30 and — 23.43 ppm, which are charac- 
teristic of clusters with the 4,-0 ,27’-acetylide ligands. 

The thermolysis of complex 19 provides, along with 
5, another compound 14 in low yield (10%), the IR 
spectrum of which has, apart from seven bands of the 
terminal CO groups, a band at 1850 cm™' of the 
bridging carbonyl group. The 'H NMR spectrum con- 
tains two singlets of the methyl groups at 1.80 and 1.96 
ppm, four singlets at 5.00, 5.04, 5.15 and 5.60 ppm 
associated with two =CH, groups as well as two 
singlets at 7.27 and 8.05 ppm associated with two 
fragments of =CH. The spectral data allowed to assign 
the formula of Os,(CO),( u-COXHC,[C(Me)=CH,}- 
COC[C(Me)CH,, }CH} to this compound. Its structure 
was unambiguously established by an X-ray study. The 
compound has a complex ligand formed by a combina- 
tion of the allyl fragment and the oxygen-containing 
five-membered metallacycle and is analogous both to 
complex Os,(CO),( 4-COMXH,CPhCOCPhCH} reported 
in Ref. [8] and cluster Os,(CO),( u-COMH,CFec- 
COCFcCH}, which we described earlier [9]. The ther- 
molysis of clusters containing a terminal alkyne and the 
bridging carbonyl! group as ligands, usually proceeds via 
the decarbonylation followed by the oxidative addition 
of the C—H bond to the metal atom, thus changing the 
ligand coordination mode from 20 ,n* to 0,27? and 
yielding acetylide clusters. 

However, as seen from the examples cited, in a 
number of cases, complexes of the same type as 14 are 
formed (the mechanism is still uncertain) in which the 
bridging carbonyl group is retained and a complex 
organic ligand involving the former terminal CO group 
is formed. 

The molecular structure of 14 is shown in Fig. 1. 
Selected bond distances and angles in 14 are listed in 
Tables 2 and 3. The structure is identical with that of 
the complex with the phenyl substituents reported ear- 
lier [8]. Three osmium atoms form a triangle with the 
Os(1)—Os(2), Os(1)—Os(3), Os(2)—Os(3) distances equal 
to 2.785(1), 2.854(1) and 2.885(1) A respectively (the 
corresponding distances in Os,(CO),( u-CO)H,- 
CPhCOCPhCH} [8], are 2.794, 2.857 and 2.880 A). 

Like the complex with the phenyl! substituents, the 
dimerized acetylene ligand is bound to the triosmium 
core by three o-bonds Os(2)—C(1), Os(3)—C(3) and 
Os(3)—C(5) and its allyl moiety C(1)C(2)C(3) is 2-co- 
ordinated by the Os(1) atom. Two five-membered cy- 
cles Os(2)CUL)IC(2C(3)Os(3) and Os(3)C(3)OCLIC(4)C- 
(5) are fused via the Os(3)—C(3) bond and do not show 
considerable deviations from planarity (maximum devi- 
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Fig. 1. The molecular structure of Os,(CO),( u-CO)- 
{HC,[C(Me)=CH , JCOC]C(Me)=CH, JCH) (14). 


ations from their mean planes are 0.03 and 0.11 A 
respectively); the dihedral angle formed by their planes 
is equal to 20° (the same value was found for the pheny! 
analog). 

It should be noted that the isopropeny! substituents in 
14 are non-equivalent. In one of them, which is bound 
to the oxygen-containing chelate metallacycle, there is a 
distinct difference in the double C(9)=C(11) bond 
(1.33(2) A) and the ordinary C(9)—C(10) bond (1.52(2) 
A) lengths. Moreover, this substituent is trans-con- 
jugated with the C(4)=C(5) double bond (1.34(1) A) of 
the metallacycle; the torsion angle C(11)C(9)C(4)C(S) 
is equal to 176°. In contrast, the isopropenyl group 
bound to the alleny! fragment of the other metallacycle 
has almost equal C(6)—C(7) and C(6)—C(8) bond lengths 
(1.43 (2) and 1.41(2) A respectively). However, this 
feature most probably does not have any chemical 
implications and should be attributed to the effect of a 
disorder in the crystal. The dihedral angle formed by the 
planes of the isopropeny! and allyl groups in this case is 
equal to 64°. The lack of the conjugation in this system 


Table 2 
Selected bond lengths (angstroms) in 14 


Os(1)—Os(2) 2.785(1) Os(1)—Os(3) 
Os(1)—CU) 2.235(10) Os(1)—C(2) 
Os(1)—C(3) 2.325(11) Os(2)—Os(3) 
Os(2)—C(U1) 2.112(10) Os(2)—C(18) 
Os(3)—C(3) 2.029) Os(3)—C(S) 
Os(3)-C(18) = 2.009% 11) O(1)-C(G3) 
O(1)—C(4) 1.39910) O(18)—C(18) 
C1)-C(2) 1.412014) C(2)-C(3) 
C(2)-C(6) 1.517013) C(4)-C(5) 
C(4)-C(9) 1.472(15) C(6)-C(7) 
C(6)—C(8) 1.410(20) C(9)—C(10) 
O(9)—C(11) 1.334(18) 





2.854(1) 

2.29111) 
2.885(1) 

2.28%12) 
2.097(10) 
1.371(12) 
1.166(16) 
1.435(11) 
1.33014) 
1.432(23) 
1.51915) 





Table 3 
Selected bond angles (deg) in 14 


C(1)—Os(1)—C(2) 36.4) 
C(2)-Os(1)—-C(3) 36.2(3) 
C(3)—Os(3)—C(S) 75.14) 
C{(S)—Os(3)-C118) —150.7(5) 
Os(1)—C(U1)—Os(2) 79.63) 
Os(2)—C(1)—C(2) 128.1(6) 
Os(1)—C(2)—C(3) 73.2(6) 
Os(1)—C(2)—C(6) 127.8(8) 
C(3)-C(2)-C(6) 121.5(9) 
Os(1)—C(3)—-O01) 119.07) 
Os(1)—C(3)—C(2) 70.46) 
O(1)—C(3)—C(2) 113.68) 
O(1)-C(4)-C(9) 114.28) C(S)-C(4)-C(9) 

Os(3)—C(S)—Cl4) 114.47) ©(2)-C(6)-C(7) 

C(2)—C(6)—Cl8) 118.412) ©(7)-C(6)-C(8) 

C(4)—C(9)—C(10) 115.710) ©(4)-C(9)-C(U11) 
C(10)—-C(9)—CU1) 122.611) Os(2)-C(18)-Os(3) 
Os(2)—C18)-O018) 129.3(8) 





CU1)—Os(1)-C(3) 
CU1)-Os(2)—C(18) 
C(3)-Os(3)—CU18) 
C(3)-001)-—Cl4) 
Os(1)—CU1)—CQ2) 
Os(1)—C(2)—C(1) 
CU1)-C(2)-C3) 
CU1)—C(2)-C(6) 
Os(1)—C(3)—Os(3) 
Os(3)—C(3)-O11) 
Os(3)—C(3)—C(2) 
O(1)—C(4)-C(S) 


64.103) 
90.014) 
94.24) 
111.707) 
74.06) 
69.716) 
116.4(8) 
122.07) 
81.714) 
118.1(S) 
128.17) 
117.09) 
128.39) 
115.8(10) 
125.5(11) 
121.6(9) 
84.0(5S) 
Os(3)—C(18)-O118) | 146.719) 





seems to be associated with the strong electron density 
transfer from the -system of the allyl fragment to the 
coordinating metal atom. However, the atomic coordi- 
nates for the phenyl substituted complex are not avail- 
able, either in the original paper [8] or in the Cambridge 
Structural Database, so that we could not check whether 
the same is true in the case of phenyl derivative. 
However, as can be seen from the figure given in Ref. 
[8], one may anticipate the same effect in the structure 
of pheny! derivative. 


3.2. Protonation of clusters Os,(CO),(u-CO)p,- 
20,n’-HC =CCR) (R = CH,OH (1), R = CMe,OH (2)) 
and Os,(p-H)(CO),(u;-0,2n?-C=CR (R= CH,OH 
(3), R = CMe,OH (4), R = C(Me)=CH, (5)) 


If one drop of CF,COOH is added to a solution of 1 
in CD,Cl, at — 50°C, the 'H NMR spectrum is changed 
in the following way. The signal of the OH group at 1.8 
ppm is shifted low-field, and two broad signals appear 
corresponding to the slowly exchanging OH and 
CF,COOH. The signals of two non-equivalent protons 
of the CH, group at 3.80 and 4.30 ppm are drawn 
closer together (3.95, 4.25 ppm) with the coupling 
constant being retained (J,, = 13.5 Hz), although the 
high field component already contains an additional 
splitting with J?=3.5 Hz. At the same time, the 
low-field signal at 9.3 ppm is practically unchanged. 
The addition of five more drops of trifluoroacetic acid 
leads to the collapse of the AB system components and 
to the appearance of a new singlet at 4.3 ppm, but only 
on addition of two drops of trifluoromethanesulfonic 
acid; the latter signal transforms to two doublets at 3.70 
and 4.93 ppm with J = 5.0 Hz, thus evidencing for the 
formation of the cationic complex 6. 





V.V. Krivykh et al. / Journal of Organometallic Chemistry 508 (1996) 39-47 


Scheme 1. 


The proton signal at 9.3 ppm is 0.5 ppm down-shifted. 
In this case, the previous set of signals is still observed, 
which corresponds to a high concentration of CF, COOH 
in the ratio 1: 1. Protonation of 1 was carried out within 
the temperature range —50-—— 20°C. As the tempera- 
ture is increased, the signals of decomposition products 
appear in the spectrum. At 17°C, the reversible broaden- 
ing of the CH, group signals. was observed, but a 
further increase in the temperature caused the degrada- 
tion of the cationic cluster 6. Spectral changes occurring 
upon the gradual additions of acids to 1 might be 
rationalized as follows. Trifluoroacetic acid forms a 
solvate with cluster 1 resulting in an additional signal 
with J = 3.5 Hz due to the interaction of the CH,OH 
group with CF,COOH through the oxygen atom. An 
increase in the acid concentration facilitates the ex- 
change process bringing the signals of the CH, group 
protons together and finally causing the collapse of 
these signals; only the addition of a stronger acid leads 
to the cationic complex 6. The structure of this complex 
can be described as a resonance hybrid of structures A 
and B (Scheme 2). 

Protonation of Os,(CO),( u-COX H3-20,n*- 
HC=CCMe,OH) (2) was studied earlier by the “H 
NMR method [4]. We studied the protonation of 2 by 
the "°C NMR method. Comparison of the °C NMR 
spectra of the initial 2 (29.49 (q, J(CH) = 127 Hz, Me), 
33.40 (q, J(CH) = 127 Hz, Me), 79.53 (s, C—Me,), 
117.0 (d, J(CH) = 163 Hz, =CH), 168.52 (s, =C), 
171.8, 174.43, 176.0 (br), 179.38, 179.86 (CO), 202.85 
( u-CO)) and its protonated form after the addition of 
HBF, - Et,O in a CD,Cl, solution at — 60°C (14.0 (s, 
Me), 19.92 (s, Me), 110.24 (d, J(CH) = 162 Hz, HC =), 
117.02 (s, C—Me,), 152.99 (s, =C), 158.97, 174.02, 


We 


® 
7 ~ a | 
y 


Cc 
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174.74, 175 (br), 175.23, 178.82, (CO), 207.15 ( 4-CO)), 
shows that the formation of the cationic complex causes 
a low-field shift of the carbon signal of CMe, group by 
37 ppm. The other signals of the C, ligand are only 
slightly shifted, thus indicating the retention, to a great 
extent, of the 20,n7-bonding mode in the fragment 

H-C=C- (structure A) though the contribution of the 


structure B should also be taken into account. It is 
remarkable that the signal of the bridging CO group is 
retained although it is shifted low-field by 4 ppm. 
Hence the protonation of the complexes with four elec- 
tron acetylene ligands, such as propargy! alcohol and its 
derivatives, coordinated to the Os, cluster in the 20,7? 
fashion, gives the cationic complexes with the five 
electron propargy! ligand. 

We were successful in detecting the formation of the 
cationic cluster with the six-electron propargyl ligand 
on protonation of clusters containing the acetylide lig- 
and coordinated in the o ,27?-fashion (Scheme 3) 

If a solution of trifluoromethanesulfonic acid in 
CD,NO, is added to solutions of complexes 4 and 5 in 
CD,Cl, at — 50°C [5], the 'H NMR spectra are changed 
in the following way: the hydride signals at — 23.5 ppm 
4 and — 23.34 ppm 5 gradually disappear and a new 
signal at — 22.9 ppm appears. In the low-field range of 
the spectra the following signals disappear: the singlet 
of the magnetically equivalent methyl groups at 1.8 
ppm for 4 and the signal of the methyl group at 2.19 
ppm for 5, as well as the signals in the range of 5.0—5.3 
ppm, responsible for the protons of the =CH, group in 
5. In both cases, the same set of signals appears, namely 
the signal of the p-hydride at —22.9 ppm and two 
signals of two magnetically non-equivalent methyl 
groups at 2.24 and 2.64 ppm, the spectral pattern evi- 


Scheme 3. 
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dences for the formation of the cationic cluster 9 in the 
solution. With an increase in the temperature, the sig- 
nals of the methyl groups are gradually broadened; they 
coalesce at 17°C and a further temperature increase 
leads to the sharpening of the signal. Temperature 
changes in the spectrum may be interpreted in the 
following way. The protonation of 4 or 5 generates the 
carbenium ion in the a-position with respect to the 
triple bond. The cation is stabilized due to the direct 
interaction of the carbocationic center with one of the 
osmium atoms bearing the hydrogen bridge (Scheme 4) 
(the same situation takes place in mono-{1a] and binu- 
clear [2a,b,c] propargyl complexes). Such direct partici- 
pation of the metal atom in the stabilization of the 
a-cationic center is a general property for a-metal- 
locenylcarbenium ions and related cationic complexes 
[10]. Since the probability of bonding to both osmium 
atoms mentioned is equal, the degenerate exchange 
process takes place resulting in the observed tempera- 
ture dependence. The free activation energy of this 
process is G3, , = 13.3 + 0.3 kcal mol~'. Recently, a 
similar exchange process has been observed in the 
neutral complex CpWRe,(CO),(ORXC,Me,) [11]. The 
cationic cluster 9 is not stable enough for isolation; 
moreover, as the temperature of a solution of 9 is 
increased to 25°C, another set of signals appears in the 
spectrum, namely two singlets in the range of the 
methyl groups at 2.23 and 2.47 ppm, and the hydride 
signal at — 19.5 ppm. The chemical shift value of the 
hydride signal is not in line with that for similar clusters 
with the five-electron acetylide ligand of the o,2n° 
type. The intensities of these signals depend on the 
exposure time of the solution of 9. These signals seem 
to have been observed earlier [4] upon dissolving of 4 in 
CF,COOH at room temperature. 

If the protonation is carried out at low temperatures, 
a different spectrum is observed. At —10°C, the 'H 
spectrum contains the following signals: the singlet at 
2.13 ppm of two methyl groups, the signal of the 
hydride ligand at — 23.62 ppm as well as another signal 
set of two methyl groups and the corresponding signal 
of the hydride ligand at — 23.52 ppm in the ratio of 
5:1. An increase in the acid concentration leads to a 
change in the intensity ratio of the signal sets to 1:2. 
An addition of one drop of trifluoromethanesulfonic 
acid in nitromethane to this solution causes the appear- 
ance of the signals of the cationic cluster 9: 2.28 (1H, s, 


CH,), 2.68 (1H, s, CH,), and — 22.99 (1H, s, Os—H- 
Os), the signals at — 23.52 (Os—H—Os) and 2.09 of the 
methyl groups still being observed in the spectrum in 
the ratio of 3:1. At low temperatures, trifluoroacetic 
acid does not seem to generate the cationic complex 9 
but only Os,( u¢-HXCO),( w,-0 ,2n?-C=CCMe,OC- 
OCF,) (19) is formed showing the signals at — 23.52 
ppm and 2.13 ppm of the methyl groups. 

Protonation of 3 yields the cationic cluster [Os,( p- 
HXCO),( 4 ,-20,2n?-C=CCH,]* (8), which appeared 
to be even less stable than 9. The addition of CF,COOH 
in CD,NO, to a solution of 3 in CD,Cl, at —5S0°C 
results in the features of 8 in the 'H NMR spectrum, 
that is the signals at — 21.99 ppm and two singlets of 
the magnetically non-equivalent protons of the CH, 
group at 5.14 and 6.07 ppm. The ratio of the neutral and 
cationic clusters is 5:1. The addition of two more and 
then three more drops of trifluoromethanesulfonic acid 
changes this ratio from 1:1 to 1:3 respectively. In the 
latter case, the spectrum indicates the degradation prod- 
ucts. At — 20°C, the initial complex 3 gradually disap- 
pears, and on further temperature increase (20°C), the 
cationic cluster 8 is completely decomposed. 


3.3. Preparation of phosphonium clusters 


The treatment of solutions of the cationic clusters 
6—9 with triphenylphosphine in the temperature range 
—50-—— 60°C gives new phosphonium derivatives of 
the Os, clusters. The cationic complexes 6 and 7 yield 
2o,n’-coordinated derivatives 10 and 11 respectively 
with four-electron acetylene ligands, while the treatment 
of cations 8 and 9 with phosphine allowed clusters 12 
and 13 respectively to be obtained with the new five- 
electron phosphonium alleny! ligand (Scheme 5). 

IR spectra of 10 and 11 in the carbonyl region 
exhibit the bands at 1849 and 1845 cm™', respectively, 
characteristic of the bridging carbonyl groups. The ‘H 
NMR spectrum of 10 at — 20°C exhibits two doublets 
of doublets at 3.95 and 4.25 ppm with J(HH) ~ J(HP) 
~ 15 Hz belonging to the protons of the CH, group, 
the multiplet of the phenyl substituent at 7.7 ppm, and 
the low-field singlet signal of the methyne proton at 
8.55 ppm. The _H NMR spectrum of 11 at —20°C 
shows two doublets of the methyl group at 1.65 and 
1.74 pp, with J(HP)=6.8 Hz, the multiplet of the 
phenyl group, and the low-field singlet signal at 9.29 
ppm. With an increase in the temperature to 17°C, two 
doublet signals of the methyl groups collapse into one 
broad signal, probably, due to the migration of the C, 
ligand relative to the metal core of the cluster. Similar 
processes were reported for alkyne complexes [4,12]. 
The addition of triphenylphosphine to solutions of 8 and 
9 at —50°C generates the phosphoniumalleny! clusters 


Os,( u-HXCO),( 2, — o,2?-Ph,PC=C=CR,) (R = 
H (12)) and (R’ = Me (13)). The site of the nucleophilic 
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Scheme 5. 


attack of the six-electron propargyl ligand can be de- 
rived from the 'H NMR spectra of complexes 12 and 
13. In the case of 12, the protons of the =CH, group 
give rise to two double doublets with J(HH) ~ J(HP) 
~ 2.8 Hz, J(HH) = 2.5 Hz, J(HP) = 3.7 Hz, and the 
hydride ligand gives rise to singlet at — 22.0 ppm. The 
same picture is observed in the case of 13. The 'H 
NMR spectrum exhibits two singlets at 1.99 and 2.09 
ppm of the methyl groups and a singlet at — 23.17 ppm 
of the hydride ligand. A small J value for ‘H’-‘P’ 
interaction in 12, as well as the lack of the ‘H’-—‘P’ 
interaction in 13, evidence for the attack of the a-carbon 
atom of the ligand by phosphine which is in accord with 
the structure involving the phosphonium alleny! ligand 
proposed for 12 and 13. 

If the reaction of 3 or 4 with an acid is performed at 
— 78°C, the ionization does not take place and, there- 
fore, the cationic complexes 8 and 9 are not formed. 
However, a known reaction of phosphine addition to 
acetylenic ligands takes place, that is the interaction of 
the neutral cluster with the neutral nucleophile to form 


zwitter-ionic derivatives [12]. In our case, compounds 
Os,( u-HXCO),( 5-2 0,n?-Ph,PC=CCR’,OH) (R’ = H 
(18)) and (R’ = Me [12]) were obtained. 

Thus, in the present paper, protonation of the Os, 
clusters coordinated to propargyl alcohol and its deriva- 
tives in the 20,n?- and o@,27*-fashion has been stud- 
ied. Labile cationic complexes with Se- and 6e-pro- 
pargyl ligands were generated and studied by 'H and 
~C NMR spectroscopy. 

In conclusion, we may state that depending on the 
nuclearity and coordination mode of the propargyl lig- 
and, the nucleophilic attack can be selectively directed 
to C,, C,, or C, ligand atoms. 
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Abstract 


Pentaarylantimony (pentaphenylantimony, penta-p-tolylantimony and penta-p-chlorophenylantimony) was found to be a mild arylation 
reagent. The arylation was chemoselective toward aromatic acid halides to give the corresponding aromatic ketones. No direct addition to 
ketone and acid anhydride occurred. Arylation reactions of aldehyde or ketone were promoted by the addition of Lewis acid. The 
nucleophilicities of aromatic antimony compounds depend on the number of antimony—aromatic carbon bonds. 


Keywords: Pentaarylantimony; Acid halide; Aldehyde; Ketone; Chemoselective reaction; Antimony 





1. Introduction 


The reaction behaviors of organoantimony com- 
pounds have been recently applied for synthetic organic 
reactions [1]. Most of studies are performed using triva- 
lent antimony compounds such as triphenyl- [2] and 
tributylstibine [3] and pentavalent stibonium compounds 
such as tetraphenylstibonium iodide [4] and methoxide 
[5]. Recently it was found [3,6] that alkyl organoanti- 
mony compounds with five antimony—carbon bonds 
exhibited unique reactivities for carbon—carbon bond 
formation different from other 15 group elements such 
as phosphorus [7], arsenic [8] and bismuth [9]. Although 
these observations presage novel synthetic reactions 
using pentavalent organoantimony compounds, their uti- 
lization in situ is inevitable because of their extremely 
low stability so that they can be identified only by using 
mass spectrometry [10]. On the other hand, aromatic 
organoantimony compounds bearing five antimony— 
aromatic carbon bonds (pentaarylantimony) are compar- 
atively stable and can be isolated and purified by recrys- 
tallization [11-13]. Although their reaction behaviors 
and synthetic applications were seldom examined be- 
cause of their relatively poor reactivity [14], their stable 
character is more advantageous in the fundamental stud- 
ies on the properties of organoantimony compounds 
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with five antimony—carbon bonds. In this paper, we 
wish to report the reactivities of pentaarylantimony to 
acid halides, aldehydes and a ketone. 


2. Results and discussion 


The results of the reaction of pentaarylantimony with 
acid halides 





ArsSb + RCOX 


are summarized in Table 1. Without any additives pen- 
taphenylantimony [11] reacted with benzoyl chloride to 
give benzophenone in 79% yield (run 1). This is the 
first example of the coupling reaction of pentaarylanti- 
mony with acid halides, although dipropynyltripheny- 
lantimony [15] and triphenyldimethylantimony [6] have 
been reported to react with acid halides. Acetonitrile 
was the solvent of choice, and neither benzene (45%) 
nor DMF (~ 0%) were suitable. In contrasi to pen- 
taphenylantimony, triphenylstibine and tetraphenylstibo- 
nium bromide gave no benzophenone. Although other 
para-substituted benzoyl chloride derivatives and cin- 
namoyl chloride also afforded the corresponding ke- 
tones in good yields (runs 2-5), alkyl derivatives such 
as hexanoy! chloride gave the coupling product only in 
low yield (run 6). 
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Table 1 
Reaction of pentaarylantimony with acid halides * 


Acid halide 


Ph.Sb PhCOCl 

Ph.Sb p-CIC,H,COCI 
Ph.Sb p-NO,C,H,COCI 
Ph,Sb p-MeOC,H,COCI 
Ph, Sb PhCH = CHCOC! 
Ph,Sb n-C,H,,COCI 
p-Tol,Sb PhCOCl 
p-Tol,Sb PhCOBr 
(p-CIC,H,),Sb  PhCOC! 

Ph. Sb PhCOF 

Ph,Sb PhCOBr 

Ph.Sb EtOCOCOC! 
LiSbPh, n-CH,,COCI 
Ph.Sb n-C,H,,COCI 





Antimony Yield (%) ™* 








* Reaction conditions: antimony /acid halide = 1/3 mmol, solv. ace- 
tonitrile 1 ml, 80°C, 24 h. 

» Determined by GLC based on an aryl group in pentaarylantimony. 
© Yields of biphenyl were in parentheses; in other runs, trace amounts 
of biphenyl were obtained. 

*3h. 


* Penta-p-chlorophenylantimony slightly dissolved in acetonitrile. 
‘ Tetrakis (triphenylphosphine) palladium (0.05 mmol) was added. 


Para-substituted aromatic antimony compounds, 
penta-p-tolylantimony [12] and penta-p-chlorophenylan- 
timony [13] were also applicable to give the correspond- 
ing ketones in moderate to good yields (runs 7-9). The 
effect of the substituents in the aryl group to the reactiv- 
ity of pentaarylantimony was clearly observed. In the 
case of the homogeneous benzene solvent reaction, the 
yields of the products with benzoyl chloride increased 
in the following order, penta-p-tolylantimony (29%) < 
pentaphenylantimony (45%) < penta-p-chlorophenyl- 
antimony (79%). This tendency is in accord with the 
stability of aryl anion. The comparison of reactivity of 
three acid halides, benzoyl fluoride, chloride and bro- 
mide is also suggestive (runs 1, 10, 11). The good 
agreement of the reactivity order, Br>Cl>F, was 
observed between pentaarylantimony, and organozinc 
and -cadmium reagents [16]. In the cases of zinc and 
cadmium reagents, the coordination of carbonyl oxygen 
to the metal is excluded, and a direct substitution reac- 
tion is suggested [16]. As the Lewis acidity of pentaary- 
lantimony is thought to be very poor [17], the reaction 
of pentaarylantimony with acid halides seems to pro- 
ceed in a nucleophilic manner similar to organozinc and 
-cadmium reagents. 

This arylation procedure could be expanded to ethyl 
oxalyl chloride, yielding ethyl benzoylformate quantita- 
tively (run 12). Ethyl benzoylformate is very susceptible 
to organometallic compounds, even those such as 
organocadmium reagents which are known to be versa- 
tile for chemoselective ketone synthesis from acid 
halides [18]. Ethyl benzoylformate was recovered quan- 


titatively in the reaction with an equimolar amount of 
pentaphenylantimony under the same reaction condi- 
tions. The formation of triphenylmethanol was not natu- 
rally observed at all in the reaction of benzoyl chloride 
with pentaphenylantimony. Benzoic and phthalic anhy- 
dride were also recovered completely, while it was 
known that they readily reacted with organocadmium 
reagents to afford the corresponding ketones [16]. Fur- 
thermore, a nitro function tolerated this arylation by 
pentaphenylantimony, furnishing the corresponding 
phenyl ketone in a good yield (run 3). This high 
chemoselectivity has not been observed in other 
organometallic compounds. 

For the sake of improving the yield of the coupling 
product with hexanoy] chloride, we attempted two mod- 
ifications. Pentaphenylantimony is known to react with 
phenyllithium to form lithium hexaphenylantimonate 
[11]. When this ate-complex was used for the coupling 
reaction, the product yield increased from 13% to 28% 
(run 13), although it is hard to dissolve in acetonitrile. 
On the other hand, the addition of tetrakis(triphenyl- 
phosphine)palladium obviously improved the yield of 
the n-pentyl phenyl ketone (run 14) [18]. It is well 
known that the coupling reaction of various 
organometallic compounds with acid halides is cat- 
alyzed by palladium complexes [19]. 

The reaction of pentaphenylantimony with aldehydes 
was next studied 


PhsSb + RCHO 





and the results are summarized in Table 2. Although no 
benzhydrol was obtained in the absence of any promoter 
(run 1), the nucleophilic addition to aldehydes was 
effected by Lewis acid. Benzaldehyde (run 2) and n- 
hexanal (run 6) produced the corresponding phenylated 
alcohols in 95 and 56% yields, respectively, in the 
presence of an equimolar amount of titanium tetrachlo- 
ride to the aldehydes. Boron trifluoride etherate also 


Table 2 
Reaction of pentaphenylantimony with aldehydes * 


Run Lewis acid Temp. Yield (%)° 


- 40°C 0 
Ticl, -789C>n 95 
BF,-Et,0 -78C—-n 54 
AICI, -78°C>n 7 
SaCl, -728°C>n 0 
n-C,H,,CHO  TiCl, -78°C+n 56 


Reaction conditions: antimony/aldehyde/Lewis acid = 
1.5/0.5/0.5 mmol, solv. dichloromethane 4 ml, 3 h. 
» Determined by GLC based on a phenyl group in pentaphenylanti- 
mony. 
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promoted the reaction moderately (run 3). However, 
other Lewis acids such as aluminum chloride and tin 
tetrachloride were not effective at all (run 4, 5). Even in 
the case of aldehyde, neither triphenylstibine nor te- 
traphenylstibonium bromide gave any benzhydrol. On 
the other hand, 1-phenylcyclohexanol was obtained in a 
modest yield (38%) in dichloromethane at reflux for 3 h 





although cyclohexanone did not react with pentapheny- 
lantimony under similar conditions to the reaction with 
aldehyde. 

The best yield (95%; run 2) of benzhydrol was 
observed in the reaction where benzaldehyde and tita- 
nium tetrachloride were first mixed to form a complex. 
The addition of benzaldehyde to the mixed solution of 
pentaphenylantimony and titanium tetrachloride af- 
forded the product in low yield (18%). Moreover, no 
benzhydrol was obtained in the reaction of titanium 
tetrachloride with the solution of pentaphenylantimony 
and the aldehyde. It seems that the formation of the 
complex of aldehyde with Lewis acid is essential to 
accomplish this addition reaction. Titanium tetrachlo- 
ride-mediated reaction of pentaphenylantimony with 
aldehyde may proceed by nucleophilic attack of one 
phenyl group of pentaphenylantimony on the carbonyl 
carbon of aldehyde activated by the coordination of 
titanium tetrachloride (Fig. 1). 

From the results of the reactions using three types of 
organoantimony compound, the nucleophilicities of ary! 
groups of those organoantimony compounds seem to be 
different. Triarylantimony is regarded as a base rather 
than a nucleophile. In the case of tetraarylstibonium 
bromide, the anionic species is bromide and all aryl 
groups are included in the cationic stibonium moiety. 
Therefore, the nucleophilicity of these aryl groups seems 


aN 


OTiCl, 


Fig. 1. A plausible reaction scheme of pentaphenylantimony with 
aldehyde mediated by titanium tetrachloride. 


to be very poor. On the other hand, aryl groups of 
pentaarylantimony have enough nucleophilicity. How- 
ever, the reaction of one aryl group of pentaarylanti- 
mony forms tetraarylstibonium-type compounds which 
are inactive for the reaction. Therefore, only one aryl 
group of pentaarylantimony reacted in all cases. 

In conclusion, arylation utilizing pentaarylantimony, 
which has been hardly employed in organic synthesis, 
could be applicable for acid halides, aldehydes or a 
ketone. The direct arylation has a high chemoselectivity 
to aromatic acid halides. On the other hand, the reac- 
tions with aldehydes or a ketone were promoted by the 
addition of titanium tetrachloride. 


3. Experimental section 


3.1. Materials 


All acid halides, aldehydes, Lewis acids and cyclo- 
hexanone, which are commercially available, were used 
without further purification. All solvents were used after 
distillation. Triphenylantimony was a commercial prod- 
uct, which was purified by recrystallization (ethanol). 
Tetraphenylstibonium bromide was prepared by the de- 
scribed method [20]. Pentaphenylantimony, penta-p- 
tolylantimony and penta-p-chlorophenylantimony were 
obtained by a modified method [21]. Tetrakis(triphenyl- 
phosphine)palladium was purchased from Tokyo Kasei 
Industry. NMR spectra were determined on a JEOL 
a-500 (S00 MHz) spectrometer. 


3.1.1. Pentaphenylantimony 

The THF solution (50 ml) of triphenylantimony di- 
bromide (38 mmol) obtained from triphenylantimony 
and bromine [22] was added dropwise to a THF solution 
(100 ml) of phenylmagnesium bromide (80 mmol) for 
30 min in ice bath. The resulting solution was refluxed 
for 3 h. After cooling, the THF solution was poured into 
a 2 M HC! aqueous solution (130 ml) with some ice. 
The precipitate formed was filtrated, washed with water 
and dried under reduced pressure. The crude product 
was recrystalized from acetonitrile; purified isolated 
yield was 80%; m.p. 170-172 °C (lit. 168.5—170 °C) 
{11}; 'H NMR (CDCI,): & 7.0-7.2 (m, Ph) ppm. 
Penta-p-tolylantimony and penta-p-chlorophenylanti- 
mony were obtained in a similar manner to pentapheny- 
lantimony. 


3.1.2. Penta(p-tolyl)antimony 

Purified isolated yield was 55%; m.p. 201-203 °C 
(hexane) (lit. 189 °C) [12], 'H NMR (CDCI,): & 2.3 (s, 
15H, CH); 7.0-7.1 (m, 10H, C,H); 7.2-7.3 (m, 10H, 
C,H,) ppm. 
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3.1.3. Penta(p-chlorophenyl) antimony 

Purified isolated yield was 26%, mp. 218-222 °C 
(benzene / petroleum ether) (lit. 197 °C) [13], 'H NMR 
(CDCI,): 6 7.0-7.1 (m, CIC,H,) ppm. 


3.2. Reaction procedure 


Typical procedure of the reaction of pentaarylantimony 
with acid halide 

To a solvent solution (1 ml) of pentaarylantimony (1 
mmol) was added an acid halide (3 mmol) at room 
temperature. The resulting mixture was stirred for 24 h 
at 80 °C under nitrogen atmosphere. After removing the 
solvent under reduced pressure, the residue was sub- 
jected to silica-gel column chromiutography, giving the 
crude product (benzene). Purification was performed by 
recrystallization using benzene / hexane (benzophenone, 
p-chlorobenzophenone, p-nitrobenzophenone, p- 
methoxybenzophenone, chalcone) or distillation (n- 
pentyl phenyl ketone and ethyl benzoylformate). All 
products were identified by 'H NMR and GLC by 
reference to commercial standards. 


Typical procedure of the reaction of pentaphenylanti- 
mony with aldehyde 

To the dichloromethane solution (2 ml) of an alde- 
hyde (0.5 mmol) was added at —78 °C a Lewis acid 
(0.5 mmol), and then the dichloromethane solution (2 
ml) of pentaphenylantimony (1.5 mmol) was mixed. 
Temperature was gradually increased and finally reached 
room temperature after 3 h. The resulting mixture was 
washed with an aqueous solution of sodium bicarbonate 
and organic materials were extracted by diethyl ether. 
The organic layer was dried over anhydrous magnesium 
sulfate. After removing the solvent under reduced pres- 
sure, the residue was subjected to silica-gel column 
chromatography, giving the crude product (benzene). 
Purification was performed by recrystallization using 
benzene / hexane (benzhydrol) or distillation (1-phenyl- 
1-hexanol). All products were identified by 'H NMR 
and GLC satisfactorily. 


The procedure of the reaction of pentaphenylantimony 
with cyclohexanone 

To the dichloromethane solution (2 ml) of cyclohex- 
anone (0.5 mmol) was added at room temperature tita- 
nium tetrachloride (0.5 mmol), and then the 
dichloromethane solution (2 ml) of pentaphenylanti- 
mony (1.5 mmol) was mixed. The resulting solution 
was refluxed for 3 h. The work-up procedure was the 
same as that in the reaction with aldehyde. 
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Abstract 


A new synthesis of cis-Me,N[Au(C,H,NO, — 2),Cl,] (1) is reported, involving the reaction of [Hg(C,H,NO, — 2)Cl] with 
Me,N{AuCl,] in the presence of Me,NCl. Reaction of 1 with NaOPh or with Tlacac (acac = acetylacetonate) in the presence of NaClO, 
yields Na[Au(C,H,NO, — 2),(OPh),] (2) or cis-{Au(C,H,NO, — 2),(0,0-acac)] (3), respectively. Complex 3 reacts with PPh, to give 
trans-(Au(C,,H,NO, — 2),(C-acacXPPh,)] (4). Treatment of 2 in acetone with NaOH gives [Au(C,H,NO, — 2).{ »-OH)}, (5), which is 
also formed when a solution of 2 in CHCI,/hexane is exposed to water. The crystal structure of 5-2Et,O shows that it is a 
centrosymmetric dimer with two hydroxo groups bridging two Au(C,H,NO, — 2) moieties. The features of the structure include short 
Au-C bond distances (1.992(5) A, 1.995(5) A) and hydrogen bonding between the bridging OH groups and diethyl ether molecules. 


Keywords: Gold; Crystal structure; Acetylacetonato y-hydroxo complexes 





1. Introduction 


Few organogold(III) complexes with oxoanionic lig- 
ands are known and many of them are unstable or 
moisture sensitive [1]. Thus, [AuMe,(OH)], detonates 
when dry just by touching [2], and the complexes 
[AuMe,(X)L], where X = ClO,, CF,SO,, p-MeC,H,- 
SO, or NO, and L = PPh,, decompose at room temper- 
ature to give ethane and [Au(X)L] [3]. [AuMe,- 
(OSiMe,)], is thermally stable but sensitive to moisture 
[4]. As far as we are aware, only three O,O-acetylace- 
tonato- complexes are known [5], and no HO- or RO- 
arylgold(III1) complexes. This paper reports the synthe- 
sis of new O,O-acetylacetonato- and the first HO- and 
RO-arylgold(III) complexes, advantage being taken of 
the high stability of the C-—Au bonds in ortho- 
nitrophenyl gold complexes [6]. 
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2. Results and discussion 


The synthesis of cis-Me,N[Au(C,H,NO, — 2),Cl,] 
(1) has been achieved by transmetallation (1:1, reflux- 
ing 18 h in acetone) [7]: 


2[Hg(C,H,NO, — 2),] + [AuCl,]~ 


+ [Au(C,H,NO, — 2),Cl,] ; 
+ 2[Hg(C,H,NO, — 2)Cl] 


However, because Me, NCI symmetrizes the by-product 
[Hg(C,H,NO, — 2)Cl], 


2[Hg(C,H,NO, — 2)Cl] + Cl- 


~ [Hg(C,H,NO, — 2),] + [HgCl,] © 


it is possible to improve the yield of 1, with respect to 
the nitrophenyl group, by carrying out the reaction of 
Me,N{AuCl,] with [Hg(C,H,NO, — 2)CI] in the pres- 
ence of Me, NCI (1:2:2, EtOH, refluxing 5 h, see Scheme 
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Me,N{AuCl,] + 2 [Hg(CeH,NO,-2)Ci] + 2 Me,NCI 


| - (Me,N)[Hg2Cl.} 




















Scheme 1. 


1). We have previously used a similar method to pre- 
pare [Au(C,H,NO, — 2)CI]~ [8]. 

Reactions of 1 with NaOR (R = Me, Et) gave metal- 
lic gold even at low temperature and under an inert 
atmosphere. However, 1 reacts with NaOPh (1:3, 
CH,Cl,, room temperature) to give Na[Au(C,H,NO, 
— 2),(OPh),] (2). As far as we are aware, 2 is the first 
arylgold(III) species containing an RO™ ligand. Some 
aryl- or alkyl-oxodimethylgold(III) complexes (Au- 
Me,(OR)PPh,) (R= Ph, tolyl, CH,CF,, CH(CF,),) 
have recently been reported [9]. The complex 
[AuMe.(OH)], dissolves in aqueous NaOH to give a 
solution which is believed to contain Na[AuMe,(OH), ] 
[10]. 

Tlacac (acac = acetylacetonate) reacts with 1, in the 
presence of NaClO,, (1:1, acetone) to give cis- 
[Au(C,H,NO, — 2),(0,0-acac)] (3). If the reaction is 
carried out in the absence of NaClO,, a mixture of 1 
and 3 is obtained, probably because formation of the 
partially soluble Me,NCl leads to establishment of the 
equilibrium 3+ 2Cl”" «+ 1+ acac”. When NaClO, is 
present formation of the insoluble NaCl and Me, NCIO, 
displaces the equilibrium towards 3. As far as we are 
aware, only two other (O,O-acac)diarylgold(III) com- 
plexes (cis-[Au(R),(O,O-acac)) (R = 2,2'-biphenyl [Sa], 
C.F; [Sb]) and one cationic (O,O-acac)monoaryl- 
gold(III) complex ({Au(C,N’-C,H,N=NPh — 20,0- 
acac)|CIO, [Sc]) have been described. The complex 
[AuMe,(O,O-acac)] was reported long ago [11]. Addi- 
tion of PPh, to 3 (1:1, CH,Cl,, room temperature) 


gives trans{Au(C,H,NO, — 2),(C-acacXPPh,)] (4) in 
which the acac ligand is C-bonded rather than O,O- 
bonded and the cis geometry has changed to trans (as 
indicated by 'H NMR spectroscopy, as described be- 
low). The reaction of [AuMe.,(O,O-acac)] with tertiary 
phosphines results in formation of an equilibrium with 
cis-[AuMe,(C-acacPR ,)]. Only in the case of PMe, Ph 
could the C-acac complex be isolated [12]. Activation of 
C-—H bonds in ketones (MeCOR) takes place with some 
(C-acac\2-phenylazopheny|)gold(III) derivatives to give 
ketonyl complexes [Sc]. The fact that 3 and 4 are stable 
in acetone is in accordance with the proposed pathway 
for this C—H activation process [Sc]. 

Attempts were made to grow single crystals of 2 by 
the liquid diffusion method using CH,Cl,/n-hexane. 
The only suitable crystals obtained for X-ray diffraction 
turned out to be of [Au(C,H,NO, — 2),( u-OH)], - 
2Et,O (5), presumably as a result of reaction with traces 
of water. This hydroxo-bridged complex was also made, 
although in low yield because of partial reduction to 
metallic gold, by reaction of 1 with NaOH. The homol- 
ogous methylgold(III) derivative is a tetramer 
[AuMe,( 4-OH)], [2] whereas 1-hydroxo-2,3,4,5-tetra- 
phenylauracyclopentadiene is, like complex 5, a dimer 
[13]. When dilute aqueous HCI was added to 5, reaction 
took place with decomposition and no pure chloro 
complex was isolated. 

Reactions between complex 2 and various protic 
acids did not lead to new complexes. Thus, 2 was 
stirred in acetone in an attempt to obtain new acetonyl- 
gold(III) complexes by C-—H activation [Sc], but no 
reaction was observed. Although some reaction took 
place with phenylacetylene in solution, as indicated by a 
change in colour from colourless to yellow, the starting 
complex was recovered unchanged after partial removal 
of the solvent and addition of Et,0/n-hexane. Equilib- 
rium reactions have previously been described between 
phenoxogold(III) complexes, cis-[AuMe,(OPh\PPh,)], 
and RH = methylcyanoacetate, malononitrile or pheny- 
lacetylene [9]. However, while the first gave a mixture 
of the starting complex and cis-AuMe,(RXPPh,)], the 
latter two gave the corresponding R—Au(III) complexes. 
Complexes 3 and 4 were also recovered unchanged after 
treatment with phenylacetylene. This is in contrast with 
the observed behaviour of acetylacetonatogold(I) com- 
plexes towards alkynes [14]. 


2.1. Spectroscopic properties and structure of the com- 
plexes. 


2.1.1. IR spectra 

The phenoxo derivative 2 shows strong bands in the 
region 1250-1300 cm~' assignable to v(C—O) [9], and 
strong bands at 690 and 760 cm~', typical of monosub- 





J. Vicente et al. / Journal of Organometallic Chemistry 508 (1996) 53-57 55 


stituted phenyl groups (PhO). This last set of bands is 
not observed for the hydroxo species 5. The acac com- 
plex 3 shows v(CO) at 1550 and 1570 cm~', while the 
phosphine adduct 4 shows broad bands at 1650 and 
1675 cm~' as expected for chelating O,O-acac and 
terminal C-acac groups, respectively [Sc]. All the com- 
plexes show bands at 1330-1340 cm™' and ca. 1510 
cm~', which have been shown to correspond to 
Vym(NO,) and to v,..,(NO,), respectively, when the 
nitropheny! group is not coordinated to the metal centre 


[15] 


2.1.2. NMR spectra 

The 'H NMR spectrum of the acac complex 3 shows 
a Singlet resonance at 2.0 ppm for methyl groups and at 
5.5 ppm for the methynic proton. This resonance - 
pears in 4 as a doublet at 4.2 ppm (°J,» = 12 Hz). * 
NMR of 4 shows only one resonance for the C -- 
to the nitro group (151.8 ppm) and 12 resonances in the 
range 122—135 ppm. The methyne carbon gives a dou- 
blet at 67.62 ppm with *J., = 86 Hz. These data indi- 
cate a trans geometry for 4. The antisymbiotic effect has 
proved useful in understanding some related changes in 
geometry in arylpalladium(II) complexes [16]. In terms 
of this effect, an aryl and a phosphine ligand should 
have a destabilizing effect on each other when attached 
to class b metal ions such as palladium(II). No reso- 
nance assignable to y-hydroxo protons was observed in 
the 'H NMR spectrum of 5. The same feature has been 
reported for other bridging hydroxo complexes [17]. 


2.2. Crystal structure of complex 5 


The crystal structure of 5 is the first for a nitroaryl- 
gold(IIl) complex (see Fig. 1). The complex displays 
crystallographic inversion symmetry and the central 
Au,O, ring is thus exactly planar; the transannular 
Au... Au distance is 3.150(1) A. The coordination at 


Fig. 1. The structure of compound 5 in the crystal. Radii are 
arbitrary. 


gold is, as expected, planar, with a mean deviation of 
0.06 A. The Au-C bond distances (1.992(5) A, 1.995(5) 
A) are among the shortest Au(III)—C bond distances so 
far reported [18]. The only two other crystal structures 
reported of hydroxoorganogold(III) complexes 
([AuMe,(OH)], [19] and 1-hydroxo-2,3,4,5-tetraphenyl- 
auracyclopentadiene [13b]) were not of sufficient accu- 
racy to allow comparison with the data for complex 5. 
The Au-O distances (2.073(4) A, 2. 075(4) A) in 5 are 
longer than in Sr{Au(OH),}, (1.980(8) A) [20]. This 
difference can partly be attributed to the change from a 
bridging to a terminal OH ligand. Thus, in [Au,O,]°~ 
the Au—O distances are 2.17 A and 2.12 A, respectively 
[21]. Additionally, the greater trans influence of an aryl 
than of an OH ligand must be taken into account. 

Each nitro group is inclined to its own aryl ring (N1 
by 35°, N2 by 20°) and in an anti disposition with 
respect to the hydrogen of the neighbouring cis-OH 
group. The OH hydrogen atoms are (necessarily) mutu- 
ally trans and both are hydrogen bonded to a diethyl 
ether molecule (O...O 2.700(5) A, O-H...O 178°). 

The presence of the nitro group causes significant 
widening of the corresponding C—C(NO,)—C angle 
(123.0(5)°, 123.9(5)°) with little change in the bond 
distances of the aryl ring (1.375(8)-1.404(8) A). The 
opposite effect is observed for the C-C(Au)—C bond 
angle (117.0(5)°, 115.6(5)°). Both facts have been at- 
tributed to the operation of the -I rather than the -M 
effect of the nitro group [22]. The C—N (1.477(7) A, 
1.498(7) A) and N-O (1.211(6)-1.230(7) A) bond dis- 
tances are similar to those previously reported [22]. The 
short intramolecular ONO...Au distances (Au...O2 
2.866 A, Au...04 2.845 A) correspond to weak axial 
interactions. 


3. Experimental section 


The compound [Hg(C,H, NO, 
as previously described [23]. Reactions were carried out 
at room temperature and NMR spectra were recorded on 
a Bruker AC-200 or a Varian XL-300 spectrometer, and 
referenced to internal SiMe, ('H, ' °C) or external H,PO, 
(*'P) unless otherwise stated. 


— 2)CI] was prepared 


3.1. Cis-Me,N[Au(C,H,NO, — 2),Cl,] (1) 

To a yellow solution of Me, N[AuCl,] (530 mg, 1.30 
mmol) in EtOH (50 cm*) were added solid 
[Hg(C,H,NO, — 2)CI] (919 mg, 2.60 mmol) and 
Me, NCI (2.64 mg, 2.70 mmol). The mixture was stirred 
under reflux until complete (ca. 5 h). The solvent was 
removed decoloration and the residue extracted with 
CH,Cl, (3 x 5 cm’). The extract was filtered through 
anhydrous MgSO, and the filtrate evaporated to ca. 1 
cm*. Addition of Et,O (15 cm’) afforded a white 
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precipitate which was recrystallized from CH,Cl,/ 
Et ,O (629 mg, 1.10 mmol) to give 1 [7]. Yield, "84%: 
‘iH NMR (DMSO): 6 3.10 (s, 12 H, Me,N*), 7.22 (m, 
2H, C.H,), 7.33 (m, 2H, C.H,), 7.52 (m, 2H, CoH,), 
7.87 (m, 2H, H3) ppm; °C NMR (DMSO): 6 150.97 
(C2), 125.32, 126.27, 133.74, 135.12 (C1, C3—C6, two 
nuclei must be accidentally isochronous), 54.58 
(Me,N*), ppm. 

3.2. NalAu(C,H,NO, — 2),(OPh),] (2) 

Solid 1 (189 mg, 0.33 mmol) was added to a suspen- 
sion of NaOPh (170 mg, 0.99 mmol) in CH,Cl, (30 
cm*), and the mixture stirred for 6 h. The solution was 
then filtered through anhydrous MgSO, and the filtrate 
evaporated to ca. 1 cm’. Addition of Et,0/n-hexane 
(1:1, 10 cm*) produced a pale yellow precipitate which 
was filtered off, washed with Et,O and dried under 
vacuum. Yield, 64%; M.p. 100°C (decomp. ); Ay = 87 
Q-' cm? mol-' (5X 10-* mol dm-?); 'H NMR: 6 
6.44 (m, 2H), 6.73 (m, 4H), 7.55 (m, 10H, C,H, + 
PhO), 7.85 (m, 2H, H3) ppm. Anal. Calc. for 
C,,H,,AuN, NaO,: C, 44.3; H, 2.8; N, 4.3; Au, 30.3%. 
Found: C, 43.9; H, 3.0; N, 4.1; Au, 30.7%. 


3.3. [Au(C,H,NO, — 2),(O,0-acac)] (3) 


To an acetone solution (50 cm*) of 1 (56 mg, 0.10 


mmol) were added solid Tl(acac) (acac = 
Table 1 

Atomic coordinates (x 10*) and equivalent isotropic displacement 
parameters (A? x 10°) for 5. U(eq) is defined as one third of the trace 
of the orthogonalized U;; tensor 





x y z U(eq) 


Au 5185.7(1) 5783.41) 5619.91) 15.101) 
cil) 4935(4) 710% 4) 56263) 17.0012) 
(12) 4071(4) 74314) 55034) 21.3(13) 
C13) 3882(S) 834% 4) 5413) 2%2) 
c(14) 458X(5S) 895% 4) 5455(4) 33(2) 
cus) 5461(4) 8654(4) 5572(4) 30.0(15) 
C(16) 563714) 77404) 5651(4) 22.2(12) 
N(1) 32933) 6812(4) 549K3) 28.0(13) 
O(1) 26503) 7001(4) 5071(3) 44.313) 
O(2) 3321(3) 61563) 5945(3) 31.7011) 
(21) 5695(4) 58734) 67263) 17.5(12) 
(22) 65904) 57744) 69303) 21.412) 
(23) 6905(4) 5785) 77104) 30.515) 
(24) 63134) 5928(S) 832714) 34(2) 
(25) 5398(4) 6031(4) 8156(4) 27(2) 
(26) 5101(4) 6010(4) 73703) 24.7(14) 
N(2) 7281(3) 5622(4) 62863) 30.414) 
O03) 80103) 5295(4) 6492(3) 60(2) 
O(4) 71073) 58463) 5603(3) 42.5(12) 
O(S) 4558(3) 55873) 45192) 17.2(9) 
C91) 434X5) 6695(S) 2671(4) 38(2) 
C(92) 351K5S) 7018(S) 3095(S) 50(2) 
C(93) 5912(5) 6417S) 2885(4) 3X2) 
(94) 6598(S) 6298(6) 35445) 5Q(2) 
O(99) 5054(3) 66133) 32503) 30.3011) 








Table 2 ‘ 
Selected bond lengths (A) and angles (deg.) for 5 


Au-C(21) 1.992(5) C(22)—N(2) 
Au-C(11) 1.995(S) C(23)—C(24) 
Au-O(5) 2.0734) ©(24)—C(25) 
Au-O(5) #1 2.0754) C(25)-C(26) 
C(U12)-N(Q1) 1.4777) OfS)...O(99) 
N(1)—O1) 1.221(6) Au...Au#1 
N(1)—O(2) 1.222(6) 


C(21)-Au-C(11) 90.0(2) 
C(21)-Au-O(5) 173.8(2) 
C(U1)—-Au-—O(5) 93.3(2) 
C(21)—-Au-O(S)#1 = 95.7(2) 
CU1)-Au-O(5)#1 173.92) 
O(S)—Au-O(5) #1 81.2(2) 
©12)-C(11)-C(16)_ 117.0(5) 
CU11)-C(M12)—CU13)  123.0(5) 
C(13)—C(14)—-CU15) 120.0(6) 
CUS)-C(16)-CU11) - 120.8(6) 
C(21)—C(22)—C(23)_ 123.45) 
C(23)-C(24)—C(25)_ 119.36) 
C(25)—C(26)—-C(21)_-121.%6) 





1.498(7) 
1.36719) 
1.392(8) 
1.381(9) 
2.7007) 
3.15001) 


O(1)—-N(U)—O@) 
O(1)—N(1)—C(12) 
O(2)—N(1)—C(U12) 
O(4)—N(2)-O13) 
O(4)—N(2)-—C(22) 
O(3)—N(2)—C(22)_~—s«i117.345) 
Au-O(5)—-Au# 1 98.8(2) 
C(14)-—C(13)—-C012) 118.646) 
CU16)—CU15)—-C014)__ 120.5(6) 
C(22)—C(21)-C(26):-—-115.6(5) 
€(24)—C(23)—C(22) 119.346) 
C(26)—C(25)—C(24) 120.016) 


124.2(6) 
117.45) 
117.45) 
123.75) 
118.45) 





Symmetry transformation used to generate equivalent atoms: #1; 
-z+¢+1, -~ y+1, -—z+1. 


acetylacetonate) (29.5 mg, 0.10 mmol) and NaClO, 
(13.2 mg, 0.09 mmol). The mixture was stirred for 7 h 
and the solvent was then removed. The residue was 
extracted with CH,Cl, (2 x 5 cm’) and the solid fil- 
tered through anhydrous MgSO,. Evaporation of the 
filtrate to a volume of ca. 1 cm’ and addition of Et,O 
(10 cm*) gave a white precipitate (40 mg, 0.07 mmol) 
which was recrystallized from CH,Cl,/Et,O. Yield, 
75%; M.p., 205°C (decomp.); 'H NMR: 6 2.00 (s, 6H, 
Me), 5.47 (s, 1H, CH), 7.30 (m, 4H, H4, HS), 7.52 (m, 
2H, H6), 8.00 (m, 2H, H3) ppm. Anal. Calc. for 
C,,H,,AuN,0,: C, 37.8; H, 2.8; N, 5.2; Au, 36.5%. 
Found: C, 37.6; H, 2.4; N, 5.1; Au, 36.8 %. 


3.4. Trans-[Au(C,H,NO, — 2),(C-acac)(PPh,)] (4) 


Solid PPh, (26 mg, 0.10 mmol) was added to a 
CHCl, solution (30 cm*) of 3 (53 mg, 0.10 mmol) and 
the mixture stirred for 3 h. The solvent was evaporated 
to a volume of ca. 1 cm’ and Et,O0/n-hexane (1:1, 10 
cm*) added to give a pale yellow precipitate (68 mg, 
0.09 mmol). Yield, 89%; M.p., 165°C; 'H NMR: 6 
2.00 (s, 6H, Me), 4.23 [d, 1H, CH, _™ = 12 Hz], 
7.28- 7.77 (m, 21H, C,H, + PPh,), 8.40 td, 2H, H3, 
“Jun = 8 Hz] ppm; *P NMR, & 24.93 ppm; ‘°C NMR, 
6 206.00 (CO), 151.87 (C2), 134.38, 134.12, 133.90, 
132.59, 131.84, 131.79, 130.99, 129.25, 128.97, 128.75, 
126.34, 122.97 (C1, C3—C6, Ph), 67.62 (CH), 30.62 
(Me) ppm. Anal. Calc. for C,,H,,AuN,0,P: C, 52.4; 
H, 3.8; N, 3.5; Au, 24.5%. Found: C, 52.4; H, 3.9; N, 
3.2; Au, 24.1 %. 


3.5. [Au(C,H,NO, — 2),(4-OH),], (5) 


Solid NaOH (31.2 mg, 0.78 mmol) was added to an 
acetone solution (25 cm*) of 1 (150 mg, 0.26 mmol) 
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and the suspension was stirred for 15 h, during which 
decomposition to metallic gold was observed. Evapora- 
tion of the solvent, extraction of the residue with CH ,Cl, 
and filtration of the extract through Celite gave a yellow 
solution which was concentrated to a volume of ca. 1 
cm*. Addition of n-hexane (20 cm’*) gave a pale yellow 
precipitate which was recrystallized from CH, Cl, /n- 
hexane. Yield, 35%; M.p., 210°C (decomp.). FF NMR: 
5 7.9-6.4 (m, aryl) ppm. Anal. Calc. for 
C,,H,,Au,N,0,,: C, 31.5; H, 2.0; N, 6.1; Au, 43.0%. 
Found: C, 32.1; H, 2.3; N, 5.7; Au, 43.4%. 

Crystal data. C,,H,,Au,N,0,,, M, = 1064.6, or- 
thorhombic, Pbea, a = 14. 801(2) b = 14.788(3) A, 
c = 16.627(2) A, V = 3639.4 A’, Z=4, D,= 1. 943 Mg 

m~*, AMo Ka) = 0.71073 A, 4 = 8.2 mm™', F(000) 
= 2048, T= — 130°C. 

Data collection and reduction. A colourless flattened 
pyramid ca. 0.45 x 0.4 x 0.2 mm’ was mounted in inert 
oil and transferred to the cold gas stream of the diffrac- 
tometer (Siemens P4 with LT-2 low temperature attach- 
ment). A total of 3671 unique intensities were measured 
to 2@= 50°. Cell constants were refined from setting 
angles of 65 reflections to 26= 25°. An absorption 
correction based on scans gave transmission factors 
0.55—0.97. 

Structure solution and refinement. The structure was 
solved by the heavy-atom method and refined on F? 
using the program SHELXL-93. The hydroxyl H atom was 
refined with prix; others were included with a riding 
model. The weighting scheme was w~' =[a@7(F?) + 
(0.034P)?], with P = (F? + 2F2)/3. The final wR( F?) 
for all reflections was 0.059, with a conventional R(F) 
of 0.026 for 2201 reflections with />2a/, for 230 
parameters; S = 0.88, max. 4/a= 0.001, max. Ap= 
1.0 e A~>. Final atomic coordinates are given in Table 
1, with selected bond lengths and angles in Table 2. 

Full details of the structure determination have been 
deposited at the Fachinformationszentrum Karlsruhe, 
Gesellschaft fiir wissenschaftlich-technische Informa- 
tion mbH, D-76344 Eggenstein-Leopoldshafen, Ger- 
many, from where this material can be obtained on 
quoting the full literature citation and the reference 
number CSD 401615. 
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Abstract 


(1S,5S)-(— )- and (1R,5R)-( + )-B-pinene have been hydroformylated in toluene to give (1S,2R,5S)- and (1 R,2S,5R)-10-formylpinane 
with up to 95% diastereoselectivity using bimetallic CoRh(CO), as a catalyst; the latter was generated in situ from preformed 
Co,Rh(CO),, or a stoichiometric mixture of either [Rh (CO),,] or [Rh (CO),,] and [Co(CO),]. At 70—125°C and under 60 atm of 
syngas, the yields of hydroformylated products do not exceed 30% because of the concomitant isomerization of B- to a-pinene. In all 
cases the catalyst is recovered as a mixture of soluble cobalt carbonyl! derivatives and a crystalline precipitate that contains most of the 
rhodium, mainly as [Rh,(CO),,]. Comparable yields and diastereoselectivities were obtained from reactions in tetrahydrofuran with a 
mixture of [Rh (CO),,] and [N(PPh,),)Cl as the catalyst precursor. 

The corresponding (15,25,5S)- and (1R,2R,5R)-10-formylpinanes, along with the corresponding alcohols, were obtained diastereose- 
lectively by use of bimetallic Co—Rh or homometallic Rh carbonyl! catalysts modified with bis(diphenylphosphine)ethane (dppe). When 
unidentate phosphines such as triphenylphosphine were used in place of dppe, as the ligand/metal (L/M) ratio was raised the 
diastereoselectivity of both the hetero- and the homo-metallic catalytic system fell progressively, and was completely lost for L/M 2 4. 
However, a further increase in L/M to ca. 70-100 allows chemio- and diastereo-selective synthesis of both the (15,2S,5S)- and 
(1R,2R,5R)-10-formylpinane. 

The (15,2R,5S)-, (1S,2S,5S)-, (1R,2R,5R)- and (1R,2S,5R)-10-formylpinane diastereomers were isolated by distillation under 
reduced pressure and fully characterized by IR, UV, 'H and °C NMR and circular dicroism (CD) spectroscopy, and mass spectrometry. 

The possible factors favouring the diastereoselective hydroformylation of 8-pinenes under the conditions used are discussed. 


Keywords: Pinene; Hydroformylation; Cobalt; Carbonyl; Rhodium; Stereoselectivity 





1. Introduction tion of a-pinenes, and spectroscopically characterized 


[8,9]. The hydroformylation of B-pinene has been inves- 


Naturally occurring terpenes are a source of inexpen- 
sive olefins that upon hydroformylation give aldehydes 
of relevance to the perfume industries, and some show 
antimicrobial activity [1-5]. Stereoselective hydro- 
formylation of chirally pure terpenes could be of value 
for the industrial production of optically active interme- 
diates that could be employed for optical resolution or 
asymmetric synthesis [6,7]. Enantiomerically pure (+) 
and (—) 3-formyl pinanes and 2-formylbornane were 
obtained several years ago by catalytic hydroformyla- 
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tigated with several Co and Rh homometallic catalysts 
in the 60—140°C temperature range and under 35—300 
atm of syngas [1,8,10—-12]. However, owing to the 
isomerization of B-pinene during catalysis to the ther- 
modynamic mixture of B- and a-pinene ( B/a = 4: 96) 
and to a less pronounced difference in the steric hin- 
drance of the two enantiotopic faces of the olefin, a 
complex mixture of several regio-isomeric and diastere- 
omeric aldehydes was often obtained. 

These are shown in Fig. 1, with the adopted number- 
ing scheme. For instance, [Rh,(CO),,] catalyzes the 
hydroformylation of #-pinene to the cis-10-for- 
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mylpinane with a good diastereoselectivity, but the ac- 
tivity was very low and f-pinene was found to isomer- 
ize to a-pinene [12]. When [Co,(CO),] was used as 
catalyst, it displayed even lower hydroformylation 7F 
values, and the rate of isomerization of B- to a-pinene 
was increased, the thermodynamic ratio being reached 
within 3 h starting from pure B-pinene. Furthermore, 
probably as a consequence of the greater ability of 
cobalt to catalyze the hydroformylation of cyclic olefins 
[1], trans-3-formylpinane became the major product 
[12]. Low activity and ready isomerization of B- to 
a-pinene was also observed with the dinuclear [{Rh( y- 
S'BuXCO)P(OPh),},], which afforded a ca. 1:1 mix- 
ture of cis-10- and trans-3-formylpinane [10]. In con- 
trast, both [RhCK(COXPPh,),] and [HRh(COXPPh,),], 
in the presence of free phosphine, are very active [1,11]. 
At a low phosphine/rhodium ratio (PPh,/Rh = 11), 
[HRh(COXPPh,),] shows very little stereoselectivity, 
and the cis- and trans-10-formylpinanes are obtained in 
comparable amounts. However, at higher PPh, /Rh ra- 
tios (78-79), whereas [RhCKCOXPPh,),] remained 
only weakly stereoselective, [HRh(COXPPh,),] cat- 
alyzed the synthesis of cis-10-formylpinane with good 
selectivity [1]. Replacement of triphenylphosphine by 
tris(2-t-butylphenyl)phosphite as the ancillary ligand on 
rhodium caused a significant drop in the activity but 
allowed the trans-10-formylpinane, which is usually 


4 5 


obtained only in minor amounts, to be produced with a 
very high selectivity [1]. 

Since only a very few spectroscopic data for these 
10-formylpinanes were available and the selectivity dis- 
played by some catalysts appeared puzzling, we decided 
to undertake an investigation of the hydroformylation of 
(1S,5S)(—)- and (1R,5R)-( + )-B-pinene, with the aim 
of gaining a better understanding of the factors favour- 
ing diastereospecific hydroformylation. An outcome of 
the work was that we obtained in high optical purity 
(> 90%) the (18,2R,5S)(—)-, (1S,2S,5S)-(—)-, 
(1R,2S,5R)(+)- and (1R,2R,5R)-(+)-10-formyl- 
pinane diastereomers, which were characterized spectro- 
scopically by IR, UV, and 'H and “C NMR spectro- 
scopic studies, and by mass spectrometry and circular 
dichroism (CD) investigations. 


2. Results 


2.1. Hydroformylation of (1S,5S)-(—)- and (1R,5R)- 
(+)-B-pinene 


The high diastereoselectivity observed in the hydro- 
formylation of a-pinene [6,10,11], and more recently of 
a t-butyl-oxazoline derivative [13], was attributed to the 
difference in steric hindrance between the two enan- 


6 7 


Fig. 1. Possible products of the hydroformylation of B-pinene with Co and Rh catalysts. 
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tiotopic faces of the olefin. This difference for the 
exocyclic double bond of 8-pinene is small and so the 
diastereoselective hydroformylation should be less but 
not trivial. It seemed puzzling, however, that metal 
carbonyl centres without substituents [12] and com- 
pletely substituted metal centres [},11] could both selec- 
tively attack the olefin from the least hindered face (i.e. 
from the bottom in Fig. 2), whereas increased steric 
hindrance by the ancillary ligand favoured attack on the 
most hindered face (i.e. from the top in Fig. 2) [1]. We 
therefore, undertook a study of the hydroformylation of 
B-pinene with a series of catalysts which could be 
expected to be very active and which could be thought 
to involve either metal carbonyl centres without sub- 
stituents or those bearing ancillary ligands of a size 
comparable to CO, viz. the bimetallic Co—Rh carbonyl 
catalysts [14,15] and the [Rh,(CO),,]/CI~ system [16]. 
Indeed, it is known that bimetallic Co—Rh catalytic 
systems derived either from preformed [Co,Rh,(CO),,] 


Table 1 
Hydroformylation of (15,5S)-(— )-8-pinene * 


or from stoichiometric mixtures of [Co,(CO),] and 
[Rh,(CO),,] or [Rh,(CO),,] often give hydroformyla- 
tion rates much higher than those observed for the 
corresponding homometallic catalysts [14,15]. One pos- 
sible explanation of this synergetic effect can be derived 
from the observation that under a carbon monoxide or a 
syngas atmosphere the bimetallic Co—Rh cluster men- 
tioned above, and also mixtures of Co and Rh ho- 
mometallic clusters, readily undergo equilibration with 
CoRh(CO), [17]. As can also be inferred from studies 
carried out on carbonyl-substituted derivatives under 
syngas, [CoRh(CO),_ ,L ,] (x = 0-2) [18] probably ac- 
tivate hydrogen by oxidative addition to the M—M bond 
leading to the formation of [HCo(CO),] and [HRh(CO),] 
[19,20] without the requirement of carbon monoxide 
elimination as for [Co,(CO),] [21], or the breaking of 
several Rh—Rh bonds as for both [Rh,(CO),,] and 
[Rh,(CO),,]. Moreover, it is known that on increasing 
the temperature and in the absence of sufficient CO 
soluble [Rh,(CO),,] is converted into [Rh,(CO),,] 
which separates out from catalytic solutions owing to its 
very low solubility. Therefore, a second reason for this 
synergetic effect may be the ability of [Co,(CO),] to 
maintain most of the rhodium in solution through the 
above equilibrium with [CoRh(CO),]. Consequently, it 
appeared conceivable that attainment of a high hydro- 
formylation rate through the generation of the catalyst 
precursor [CoRh(CO),] under experimental conditions 
in which Rh carbonyls are diastereoselective and the 
isomerization rate of B- to a-pinene mainly catalyzed 





Catalyst Pressure (atm) Temp. (°C) 


Time (h) 


Conversion (%) Selectivity (%) ° 








[Co,Rh,(CO),,] 
[Rh,(CO),,] + [Co,(CO),] 
[Rh,(CO),,] + [(Co(CO),] 
[Rh,(CO),,] + [Co,(CO),]} ¢ 
[Rh,(CO),,] + [Co(CO),] 


[Rh,(CO),.]/2C1" 
[Rh,(CO),,]/2C1~* 


[Rh,(CO),,] + PPh, ‘ 
[Rh,(CO),,]+ PPh, ® 
[Rh,(CO),,] + PPh, * 
[Rh,(CO),,] + PCy, * 
[Rh,(CO),,] + dppe * 


SSSSS SS SESS 


5 
5 
5 
5 


5 





* [M] = 5 x 10~* M, [pinene] = 1 M, toluene as solvent and CO/H, = 1, if not otherwise stated. 
* A difference from 100% selectivity is due to the presence of hydrogenated products. 
* Due to isomerization of B- to a-pinene, only conversion into oxygenated products is given. 


* CO/H, = 2. 
* THF as solvent. 


' PPh 3/M = 4; the activity dropped after ca. 3 h due to progressive deactivation of the catalyst. 


® PR,/M = 100. 

* PR,/M = 20. 

' dppe /Rh = 2; dppe = bis(diphenylphosphine ethane. 

' Approximately 1: 1.5 mixture of aldehyde and alcohol. 
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by Co is relatively slow [12], could facilitate an efficient 
and diastereoselective synthesis of 10-formylpinanes. 

A few selected results obtained with the above mixed 
metal catalysts in the 70—150°C temperature range and 
under 60 atm of syngas in the hydroformylation of 
(18,5S){(—)- and (1R,5R)-( + )-2-methylene-6,6-di- 
methyl-bicyclo{3.1.1}heptane [1, (15,5S)-(—)-B-pinene 
and 1’, (1R,5R)-(+)-B-pinene] enantiomers are col- 
lected in Tables 1 and 2, respectively. 

First, the overall catalysis of preformed [Co,Rh,- 
(CO),,] and of 2:1 molar mixtures of [Co,(CO),] and 
[Rh,(CO),,] were very similar in activity and selectiv- 
ity. In both cases, after depressurization and cooling to 
ambient temperature at the end of each catalytic run, the 
rhodium was recovered almost quantitatively as a crys- 
talline precipitate essentially of pure [Rh,(CO),,] while 
most of the cobalt remained in solution as a mixture of 
carbonyl compounds. The segregation of the two metals 
when also starting from [Co,Rh,(CO),,], and the con- 
sequent loss of heterometallic Co—Rh bonds, is in keep- 
ing with the known reactivity of both [Co,Rh,(CO),,] 
and [CoRh(CO),] under CO and H., [19,20]. Secondly, 
the performances of the above catalytic systems were 
almost unchanged upon adding fresh substrate, repres- 
surization to 60 atm with syngas and heating at 100°C. 
In contrast, in both cases the reaction solutions sepa- 
rated from [Rh,(CO),,] precipitate showed very poor 
activity upon addition of fresh substrate and recycling. 
As a consequence, only 2:1 molar mixtures of 
[Co,(CO),] and [Rh,(CO),,] were routinely used for 
most of the subsequent experiments. 

As shown in Tables 1 and 2, under 60 atm of syngas 
the activity of these systems increases with temperature. 
The average hydroformylation 7F values with a 1 M 
concentration of (15,5S)-(—)-8-pinene and a 5 x 107° 
M overall concentration of metal were 5—6 h~' at 70°C, 
ca. 50-60 h~' at 100°C and in the 100-120 h~' range 
at 125°C. Unfortunately, under these conditions the rate 
of isomerization of B- to a-pinene is about twice as fast 


Table 2 
Hydroformylation of (1R,5R)-(+ )-B-pinene * 


and the yields of hydroformylated products never ex- 
ceed 30-35%. Both the reaction rates and the selectivi- 
ties are insensitive to the composition of the gas compo- 
sition over a wide range of CO/H, molar ratios. Signif- 
icant drops in activity were only observed on increasing 
the CO/H, molar ratio to 4—6. It appears likely that the 
hydroformylation is almost exclusively carried out by 
[HRh(CO),] rather than by [HCo(CO),] species (see 
below), otherwise the selectivity of the bimetallic Co— 
Rh system would be surprising in view of the reported 
[8,12] performances of [Co,(CO),] in related experi- 
ments. Evidently, under the experimental conditions 
adopted hydroformylation at cobalt is almost completely 
depressed by the combination of mild temperature and 
relatively high CO partial pressure. It is well known that 
the apparent order of CO partial pressure in Co-cata- 
lyzed hydroformylation reactions is —1 at pp, > 10 
atm and is > 0 only for ppg < 10 atm, whereas rhodium 
shows a similar inversion of the apparent reaction order 
of CO at ca. 40 atm [21,22]. 

The bimetallic Co—Rh system under 60 atm of syn- 
gas starts to lose its high selectivity only at reaction 
temperatures above 125°C, and this is only partially 
offset by a concomitant increase of the partial pressure 
of syngas or of CO. In all conditions, the major product 
(85%—96%) of the catalysis consists of (1S,2.R,5S)- 
(—)-10-formylpinane (5) from (—)-B-pinene and 
(1R,2R,5R)-(+)-10-formylpinane (5') from (+)-B- 
pinene. The products were isolated in a pure state by 
fractional distillation under vacuum. The epimeric 
(1S,2S,5S)(4) and (1R,2R,5R)-10-formylpinane (4’) 
are only detected in small amounts (gas chromato- 
graphic analysis) and are undetectable in the 'H and °C 
NMR spectra of distilled samples. These attributions are 
based on full spectroscopic characterization (see below) 
and retention times, since 4 and 5 (as well as 4’ and 5’), 
often referred to as cis and trans diastereomers, can be 
separated by gas chromatography using capillary 
columns. 





Catalyst Pressure (atm) Temp. (°C) 


Time (h) 


Conversion (%) Selectivity (%) ° 


4 5 








[Rh,(CO),,] + [Co,CO),] 100 
[Rh,(CO),,] + [(Co,(CO),} 


[Rh ,(CO),,]/2C1~* 125 


[Rh,(CO),,] + PPh, ° 60 125 
[Rh,(CO),,] + PCy, ‘ 60 125 


2.1 87 
3.3 82 


4.5 78 


95 4 
93 4 





* [M] = 5 x 10~* M, [pinene] = 0.5 M, toluene as solvent and CO/H, = 1, if not otherwise stated. 


* A difference from 100% selectivity is due to hydrogenated products. 


“ Due to isomerization of B- to a-pinene, only conversion into oxygenated products is given. 


* THF as solvent. 
* PPh, /Rh = 100. 
* PCy, /Rh = 20. 
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In addition to alcohols, the impurities which accom- 
pany 5 (or 5’) are isomeric aldehydes which show rather 
different retention times and slightly different fragmen- 
tation patterns but identical mass peaks in the mass 
spectrum. For instance, the M — 15 fragment is system- 
atically more abundant in these aldehydes than in 4 and 
5. Consequently, structures such as 3, 6 and, to a minor 
extent 7, appear the most likely. Unfortunately, since 
these isomeric aldehydes were always produced in small 
amounts in mixtures, our attempts at fractional distilla- 
tion under vacuum to isolate a sample suitable for NMR 
spectroscopy failed. 

Since our attribution of a trans stereochemistry to 5 
was in contrast with previous findings in the hydro- 
formylation of #-pinene with [Rh,(CO),,] [12], we 
extended our investigations to a second active catalytic 
system, which can be generated from [Rh,(CO),,] by 
addition of stoichiometric amounts of halide ions. CIR 
studies have shown that under syngas (60-150 atm) and 
in the presence of 1-3 equiv. of chloride ions, 
[Rh,(CO),,] and [Rh,(CO),,] readily disproportionate 
to mixtures of [Rh(CO),Cl,]~, [Rh(CO),]~, [Rh,- 
(CO),;]” and, possibly, [HRh(CO),] [16]. The above 
mixtures are active in the hydroformylation of 
formaldehyde to glycolaldehyde [16]. As shown in Ta- 
bles 1 and 2, the above mixtures with an [N(PPh,), }Cl/ 
[Rh,(CO),,] molar ratio of 1:2 were also active in the 
hydroformylation of $-pinene both in toluene and in 
THF solution. Although their activity is less than that of 
the Co—Rh bimetallic system, the selectivity is compa- 
rable. The trans diastereomers 5 and 5’ are obtained 
stereoselectively. As with the Co—Rh system, and in 
keeping with the acidity of the rhodium carbonyl hy- 
dride derivatives, the hydroformylation yields do not 
exceed ca. 30% because of concomitant isomerization 
of B- to a-pinene. 

The most notable difference in selectivity between 
the unsubstituted bimetallic Co—Rh carbonyl, as well as 
the Cl-[Rh,(CO),,] catalytic system investigated by us, 
and the homometallic carbonyl-substituted or unsubsti- 
tuted rhodium catalysts previous investigated is the 
almost exclusive formation of the trans isomer 5 (or 5’) 
in our experiments, rather than the cis isomer 4 (or 4’) 
generally obtained by other workers [1,8,10,12]. To gain 
some understanding of the factors effecting selectivity, 
as well as to evaluate their effect on activity, we 
investigated the hydroformylation of f-pinene with 
[Co,(CO),]/[Rh,(CO),,] mixtures or with [Rh,(CO),, ] 
in the presence of phosphines. Since the phosphine- 
modified bimetallic system did not display any signifi- 
cant synergetic effect attributable to the presence of 
both Co and Rh, only the homometallic rhodium system 
was investigated in detail. A few significant results are 
collected at the bottom of Tables 1 and 2. First, the 
triphenylphosphine-modified [Rh ,(CO),,] catalytic sys- 
tems, under experimental conditions identical to those 


adopted for the [Co,(CO), }-modified [Rh ,(CO),,] cata- 
lyst, display less activity. For instance, with PPh,/Rh 
molar ratios < 4, the observed initial TF values were in 
the range 8-30 h~'. Furthermore, within 3 or 4 h 
significant deactivation of all catalysts occurred. Con- 
comitantly, the selectivity toward the trans diastere- 
omer 5 decreased on increasing the PPh,/Rh molar 
ratio, so that with PPh,/Rh = 4 a ca. 1:1 mixture of 
the diastereomers 4 and 5 is obtained. As expected from 
previous reports [1], upon increasing the PPh, /Rh ratio 
to 100, an almost complete switch of selectivity towards 
the cis diastereomer 4 (or 4’) was observed, with TF 
values of ca. 20 h~'. Although the activities are not 
directly comparable with those observed with 
[HRh(PPh,),(CO)] in the presence of free PPh, as 
catalyst, due to differences in the experimental condi- 
tions [1], the selectivities observed with [Rh,(CO),,] 
modified with triphenylphosphine are exactly the same. 
This is in keeping with the known chemistry of 
[Rh,(CO),,] and triphenylphosphine. Indeed, it has been 
reported that progressive substitution of the carbonyls of 
[Rh,(CO),,] gives [Rh,(CO),(PPh,),] [23]. Further ad- 
dition of triphenylphosphine results in degradation to 
the binuclear [Rh,(CO),(PPh,),] that oxidatively adds 
dihydrogen to give [HRh(CO),(PPh,), } [24]. 

As shown in Tables 1 and 2, diastereomers 4 and 4 
were also obtained with a selectivity up to 93% on 
replacing the unidentate triphenylphosphine with the 
bidentate bis(diphenylphosphine)ethane (dppe) even at 
relatively low dppe/Rh molar ratios (dppe /Rh > 2). 
However, on increasing the temperature to 150°C, the 
activity of the catalyst remains rather low, with average 
TF values of 4-10 h~'. 

An enhanced selectivity toward the cis isomer was 
also observed on increasing the cone angle of the 
unidentate phosphine, as when using the tricyclo- 
hexylphosphine (PCy,) instead of PPh,. For instance, 
the stereoselectivity toward cis-10-formylpinane of the 
[Rh,(CO),,]/PCy, catalytic system is 85% with an 
L/Rh ratio of 20. Unfortunately, the activity of the 
system drops significantly as the L/Rh ratio is in- 
creased and, under the experimental conditions used, 
this system was practically inactive for a ratio of 100. 

In addition to the switch from trans to cis selectiv- 
ity, the addition of phosphine also prevents catalysis of 
the isomerization of B- to a-pinene at the lowest L/Rh 
ratios. This is attributed to the decreased acidity of the 
phosphine-modified carbonyl hydrides [HRh(CO),_,- 
L,). 
2.2. Spectroscopic characterization of the (1S, 2R, 5S)-, 
(1S, 2S, 5S)-, (1R, 2R, 5SR)- and (1R, 2S, 5R)-10-formyl- 
pinanes 


As previously reported, the trans- and cis-10-for- 
mylpinanes are clearly distinguishable by 'H NMR 
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Fig. 3. °C NMR data for the (15,25,5S)- (4) and (15,2R,5S)- (5) 
epimers of 10-formylpinane. The corresponding (1R,2R,5R)- (4’) 
and (1R,2S,5R)- (5’) enantiomers of 10-formylpinane show identical 
chemical shifts to within experimental error. 


spectroscopy, through the chemical shifts of the methyl 
protons (5 1.05 Ppm for 4 and 4’, 5 0.9 ppm for 5 and 
5’) [1], and by °C NMR spectroscopy. The °C chemi- 
cal shifts have been assigned guided by those of the 
related cis- and trans-myrtenal [25]. As shown in Fig. 
3, where the assignments of the "°C resonances of the 
two diastereomers are reported, the most significant 


difference between the (1S,2R,5S)-(—)- and 
(1S,2S,5S)-(—)-10-formylpinane epimers consists in the 
chemical shift of carbon atom 7. This in the cis di- 
astereomer 4, because the methylene bridge is trans to 
the -CH,—C(=O)H moiety which lies on the same side 
of the gem-dimethyl carbon bridge and falls in a region 
where the trans isomer 5 does not show any absorption. 
The corresponding (1R,2R,5R)-(+)- and (1R,2S,5R)- 
(+ )-10-formylpinane enantiomers show identical NMR 
spectra to the above, as expected. Consistent with the 
capillary column gas chromatography results, the "C 
NMR spectra allow us to calculate ca. 95% optical 
purity for the various distilled samples. 


Table 3 
Chiroptical behaviour of the 4, 4’ and 5 diastereomers * 


The optical rotatory powers (a,) of the above di- 
astereomers are collected in Table 3. As expected, the 
introduction of a third asymmetric carbon has little 
effect on the optical rotatory power. Therefore, the a, 
values allow us to distinguish between each pair of 
diastereomers (4—4’ or 5-5’), but do not enable us to 
discriminate between the 4—5, and presumably 4-5’, 
pair of epimers which derive from the hydroformylation 
of (—)- or (+)-6-pinene, respectively. This led us to 
study their optical behaviour in more detail. 

The spectroscopic behaviour of aldehydes has been 
investigated both experimentally and _ theoretically 
[26,27] but, to our knowledge, no circular dichroism 
(CD) study of asymmetric aldehydes has so far been 
reported [28]. For instance, the isotropic ultraviolet and 
visible (UV-vis) spectra of formaldehyde and higher 
aldehydes show absorptions at ca. 300 and 190 nm. 
Both absorptions have been assigned to excitations to 
triplet valence and Rydberg states, although the particu- 
lar transition involved may be controversial [26,27]. 
Thus, while there is complete agreement in assigning 
the weak absorption at ca. 300 nm (molar extinction 
coefficient «= 100 in formaldehyde) to a symmetry 
forbidden n — 7° transition, several controversial sin- 
gle—triplet promotions (e.g. valence n> 0 *, n> 7° 
or 7 7m", as well as n> 3s Rydberg transitions) 
have been proposed in the past as being responsible for 
the second excitation at ca. 190 nm. Nowadays, the 
latter absorption is thought to arise from a mixing of 
a7 —> m* and n-— 3s Rydberg transitions [27]. 

The availability of the trans (5) and cis- (4 and 4’) 
10-formylpinane diastereomers in a satisfactory optical 
purity made possible an investigation of their chiroptical 
behaviour to further confirm the assigned absolute con- 
figuration. In any case, a study of the aldehydic chro- 
mophore by UV-vis and CD spectra appeared desirable 
in view of the lack of previous studies. 

The UV and CD spectra of 5, 4 and 4’ are shown in 
Fig. 4 and selected parameters for 4, 4’ and 5 are listed 
in Table 3. The UV spectrum of 5 in the top part of Fig. 





Solvent M x 10? [ ,,] (wt.%) 


e (A,nm) Ae (A,nm) 





CHCl, 
heptane 0.759 


CHCl, 
heptane 1.217 


CHC, 
heptane 0.985 


s°* heptane 3.28 


— 17.1 (1.2%) 
— 15.4 (1.0%) 


+ 15.2 (1.2%) 
+ 15.0 (1.0%) 


— 17.4 (1.0%) 


30 (300) + 0.127 (300) 


— 0.438 (193) 


31 (300) 
1314 (192) 
20 (298) 
18 (300) 


— 0.143 (300) 
+ 0.468 (191) 
— 0.082 (298) 
— 0.092 (300) 
— 0.150 (192) 


148 (212) — 0.187 (212) 





* Slight discrepancies between the ¢ and Ae values for the diastereomeric aldehydes are due partially to air oxidation during prolonged handling 


in dilute solution. 
* Compound 5° is the acid obtained by oxidation of 5. 
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4 shows one band at ca. 300 nm and one inflection 
lower than 200 nm, corresponding to two electronic 
transitions, as evident in the isotropic spectra. The 
bottom part of the figure, which reports the CD spec- 
trum of 5, shows two corresponding Cotton effects. The 
first band at ca. 300 nm shows vibronic structure with 
an apparent progression of ca. 900 cm~'. The absorp- 
tion of ca. 300 nm is unambiguously due to the n — 7° 
electronic transition of the —C(=O)H chromophore in 
an aliphatic chiral substrate, since upon oxidation of the 
aldehyde to the corresponding acid, this absorption is 
replaced by a new, more intense absorption at ca. 220 
nm (dotted plot in Fig. 4) arising from the -C(=O)OH 
chromophore. As a result of the observed induction of 
optical activity by the chiral aliphatic radical on the 
n-—7* electronic transition of the formyl chro- 
mophore, the negative sign of the corresponding multi- 
ple Cotton effect seems to relate mainly to the absolute 
configuration, R, of the asymmetric carbon atom in 
position 2 of the aliphatic cycle. Thus, both 5 (Fig. 4) 
and 4’ (Fig. 5) show a negative sign. In contrast, the 
second band, only noticeable as an inflection in the 
continuously rising energy curve of the isotropic spec- 
tra, is partly resolved into a Cotton effect at ca. 190 nm 
in the CD experiments. The related sign of the Cotton 
effect seems to be determined mainly by the absolute 
configurations of carbon atoms 1 and 5 of the aliphatic 
cycle, since it is negative for both 4 and 5 (1S,5S), and 
positive for 4’ (1R,5R). The octant rule, which has been 
often successfully applied to interpret the sign of the 
Cotton effect in cyclic ketones such as (S)-( + )-3-meth- 


30 5/03 (cor!) 25 


























0.2 
1 A (nm) 


Fig. 4. UV (top) and CD (bottom) spectra of (15,2R,5S)-10-for- 
mylpinane (5, continuous plot) and its corresponding acid (5* , dotted 
plot) in heptane. 
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Fig. 5. UV (top) and CD (bottom, dotted plot) spectra of (15,25,5S)- 


10-formylpinane (4), and CD spectrum (bottom, continuous plot) of 
(1R,2R,5R)-10-formylpinane (4’) in heptane. 





ylcyclopentanone [28] seems to be of little use in this 
case. 


3. Discussion 


The hydroformylation results reported here clearly 
show that as the steric hindrance of the probable active 
species [HRh(CO),_,L.,] increases on progressive re- 
placement of carbonyl groups by bulkier triphenylphos- 
phine and tricyclohexylphosphine, the activity drops 
and the stereoselectivity switches from 5 to 4 (or from 
5’ to 4’). The stereochemistry of hydroformylation has 
been shown to result from a formal syn addition of a 
H-M moiety in all cases involving both cobalt and 
rhodium investigated [22], and, more recently, in the 
case of a platinum catalyst [29]. Either -complexation 
of the olefin to the metal followed by insertion into the 
H-—M bond or direct syn addition of a H-M moiety to 
the O=C double bond in a 4-centre transition state 
should have identical stereochemical consequences. As 
inferred from Fig. 2, steric considerations suggest that 
a-complexation anti to the gem-dimethy] carbon bridge 
(attack from the bottom or to the least hindered face of 
the olefin) should always be the most favourable. Such 
an attack would give rise to the cis 4 and 4’ diastere- 
omers, as occurs with the bulkier [HRh(CO),_.L,] 
catalysts. In contrast, the least bulky [HRh(CO),] 
species, generated in situ via fragmentation either of 
heterometallic Co—Rh clusters or of [Rh,(CO),,], evi- 
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dently attacks from the top on to the most hindered face 
of the olefin, as shown by the stereoselectivity of the 
hydroformylation in the trans 5 and 5’ diastereomers. 
Moreover, it has also been reported that the hydro- 
genated pinane obtained as a by-product of the hydro- 
formylation of B-pinene with [Rh,(CO),,] consists only 
of the diastereomer having the methyl group anti to the 
gem-dimethy! carbon group [12]. Although it is reason- 
able that such an attack should be available preferen- 
tially only to the least crowded carbonyl [HRh(CO),], it 
raises the question of why the expected products from 
the addition on to the opposite least-hindered face of the 
olefin are so disfavoured. A greater electron density or 
the exo face of the endocyclic double bond of nor- 
bornene [30] has been suggested to be the origin of the 
preference for exo attack in its hydroformylation reac- 
tions [29]. Such an unbalance in the electron density on 
the two faces of an exocyclic double bond appears less 
probable and is contradicted by the results of the hydro- 
formylation of R-(+)-camphene which show very little 
discrimination between the two faces [31]. We therefore 
suggest that in the case of $-pinene, discrimination 
between the two enantiotopic faces of the substrate 
made by an unsubstituted [HRh(CO),] species is not 
only a straightforward consequence of the different 
steric hindrance which they present to approach of the 
catalyst, but is also greatly influenced by the relative 
energies of the transition states which are traversed on 
the way to the corresponding o-alkylrhodium deriva- 
tives. In other words, attack from the bottom should 
give rise to a 7-complex which is more favoured ther- 
modynamically than that derived from a top addition. 
However, the former leads to the o-alkyl intermediate 
complex more slowly than the latter, probably because 
it forces the methylene group closer to the methyl of the 
gem-dimethyl group, rather than away, and traverses a 
higher-energy transition state. A related crossing of the 
reaction profiles of diastereomers has been demon- 
strated to be at the origin of the stereospecific hydro- 
genation of olefinic substrates [32]. 

The various hindrances that the catalyst should expe- 
rience on approaching the two faces of the olefin be- 
come most different on increasing the crowding at the 
metal centre. In this case, energy differences between 
m-complexes arising from bottom and top attack may 
become so large that only the former remains possible. 
As a consequence, selectivity should switch from the 
trans to the cis diastereomers and the rate of hydro- 
formylation should slow down because of steric hin- 
drance of the 7-complex, and within the transition state. 
Accordingly, at relatively low PPh,/Rh molar ratios, 
which should favour the presence of [HRh(CO),(PPh,)], 
a mixture of 4 and 5 is obtained, with a rate lower than 
those displayed by the Co—Rh and the Rh—Cl~ sys- 
tems. Moreover, with high PPh,/Rh molar ratios (70- 
100) or with bidentate ligands, which should favour 


disubstituted [HRh(COXPPh,),] [33], diastereomer 4 
was obtained stereoselectively, although at an even 
lower rate. 


4. Experimental details 


All preparations of reaction solutions were performed 
under dinitrogen or using a standard Schlenk tube tech- 
nique. [Rh ,(CO),,] and [Co,Rh,(CO),,] were prepared 
by literature methods [34,35]. [Co,(CO),] was pur- 
chased from Strem and crystallized from heptane. 
(1S,5S)-(—)-B-Pinene and (1R,5R)-( + )-B-pinene were 
obtained from Fluka and used as purchased. Toluene 
was dried over sodium and distilled prior to use. 


4.1. Hydroformylation reactions 


Hydroformylation reactions were carried out in 250 
ml Parr autoclave reactors equipped with mechanical 
Stirrers, internal thermocouples, addition ports, sampling 
valves and a cooling coil. In a typical experiment, the 
autoclave was charged with a solution made as follow- 
ing: [Co,(CO),] (43 mg), [Rh,(CO),,] (47 mg), mesity- 
lene (2 g, as internal standard), and olefin (16 g) were 
dissolved in toluene (ca. 50 ml). The resulting solution 
was brought to a final volume of 100 ml with toluene 
and charged into the autoclave glass reactor. The auto- 
clave was pressurized to 60 atm with a 1:1 mixture of 
CO and H,, and thermostatted at 100°C. The hydro- 
formylation reactions were run at constant pressure and 
were stopped by rapid cooling to ca. 20°C and depres- 
surization. 


4.2. Analysis of the products 


The product distributions of each olefin during the 
catalytic reactions were analyzed every 30 min by sam- 
pling. Analyses were performed on Hewlett Packard 
HP5890 GC-FID and 5971 GC-MSD instruments. Stan- 
dard and capillary (SO m) Carbowax 20M columns were 
used respectively. 

The final diastereomeric distribution was determined 
by 'H and °C NMR spectroscopy after vacuum distilla- 
tion. NMR spectra were recorded for CDCI, solutions 
containing TMS as internal standard on Varian Gemini 
200 and 300 spectrometers. The assignments are based 
on DEPT studies and comparisons with related deriva- 
tives [25]. 

The IR spectra were recorded on a Perkin-Elmer 
1600 interferometer. Ultraviolet and visible spectra 
(UV-vis) were measured on a Jasco UVIDEC-650 
spectrophotometer between 20000 and 52600 cm™' 
(400-190 nm), both in heptane and chloroform solu- 
tions. Circular dichroism (CD) spectra were obtained 
from the same solutions on a Jasco SOOA spectropo- 





F. Azzaroni et al. / Journal of Organometallic Chemistry 508 (1996) 59-67 67 


larimeter equipped with a Jasco Data Processor, by 
repeated scannings (60 times) and averaging of the 
accumulated data. Optical rotation (a,) was measured 
with a Bendix 143C polarimeter. 
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Abstract 


The reaction of [RuHCKbpzmXcod)] (1) (bpzm = bis(pyrazol-1-yl)methane, cod = cycloocta-1,5-diene) with one equivalent of 
AgCF,SO, afforded the triflate-containing [RuH(CF,SO,\bpzmXcod)] (2). The reaction of 2 with PMe,Ph allowed the synthesis of 
trans-[RuH(PMe, PhXbpzmXcod)|CF,SO, (3a), which isomerizes easily to cis-[RuH(PMe,PhXbpzm)cod))|CF,SO, (3b), while a similar 
reaction of 1, in the presence of AgCF,SO,, gave a series of phosphine-containing complexes such as [RuH(CF,SO,codXPMe, Ph), ] 
(4), the products of this process greatly depending on the reaction conditions. The complex trans-[RuH{P(OMe),}bpzm\cod))|CF,SO, 
(Sa), which also readily isomerizes to cis-[RuH{P(OMe),)(bpzm\cod))CF,SO, (Sb), was isolated from the reaction of 2 with P(OMe),, 
or alternatively from the reaction of 1 with P(OMe), and AgCF,SO,. Finally, the reaction of 2 or 1 (in the presence of AgCF,SO,) with 
N-donors pyridine, 4-methylpyridine (4-picoline) or 3,5-dimethylpyridine (3,5-lutidine) yielded a mixture of products which we believe to 
contain both cis- and trans-RuHL{bpzm\cod))|CF,SO, (L = pyridine, 4-picoline, or 3-5-lutidine). Spectroscopic data are provided for 
these compounds. Complex 1 catalyzes both the hydrogenation of the unsaturated substrates cyclohexene, cyclohexanone, acetone and 
propanal, with turn-over rates of up to 1506 h~' for cyclohexanone in the presence of NaOH at 130°C, and the efficient transfer 
hydrogenation of cyclohexanone by propan-2-ol in the presence of NaOH at 80°C, with a turn-over rate of 880 h~'. 


Keywords: Ruthenium; BPZM; Cod; Hydride; Catalysis; Hydrogenation 





1. Introduction 


Although the chemistry of metal poly(pyrazol-1-yl)- 
borato complexes has been extensively studied in recent 
years [1], comparable development of the isosteric 
poly(pyrazol-1-yl)alkanes is unknown [2]. We have re- 
cently reported [3] a family of poly(pyrazol-1-yl)- 
alkaneruthenium complexes and one of them, [RuCl,- 
(bpzm\cod)], was found to be a saturated species with a 
bpzm that could be replaced easily by phosphines and 
CO. This compound and Li[BEt,H] gave [RuHCl- 
(bpzm\cod)] [4] which was a good starting material in 
substitution processes with hydrogen and N-donors [5]. 
We subsequently became interested in the behaviour of 
this compound, and this paper focusses on the study of 
its reactivity towards some phosphorus donors as well 
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as its catalytic activity in hydrogenation and transfer 
hydrogenation processes of several unsaturated sub- 
strates. 


2. Results and discussion 


The reaction of [RuHCKbpzm\Xcod)] (1) with 
AgCF,SO, was investigated first. The standard proce- 
dure involved the addition of one equivalent of silver 
triflate to a suspension of 1 in acetone to give, after 
appropriate work-up, the complex [RuH(CF,SO,)- 
(bpzmXcod)] (2): 

[RuHCl(bpzm)(cod)] + AgCF,SO, 

— [RuH(CF,SO,)(bpzm)(cod)] +AgCl (1) 
Complex 2 was isolated as a white crystalline air-stable 
solid, which was stable for several hours, although 
solutions in polar solvents such as acetone and tetrahy- 
drofuran (THF) are air sensitive. In halogenated sol- 
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Fig. 1. Proposed structure for 2. 


vents, for example chloroform, a quantitative transfor- 
mation of 2 to the known [RuCl,(bpzm)cod)] was 
observed. 

IR and especially NMR spectroscopy have proved 
useful tools for the characterization of 2 and the remain- 
ing complexes. The IR spectrum of 2 shows the charac- 
teristic bands for the bpzm, cod and triflate as well as a 
band at 2051 cm~' which corresponds to v(Ru—H) of a 
terminal hydride [6]. However, more extensive struc- 
tural information was obtained from NMR _ spec- 
troscopy. The 'H NMR spectrum of 2 is in accordance 
with the presence of a symmetrical bpzm ligand with 
two equivalent pyrazolyl rings, and a cycloocta-1,5-di- 
ene with C, symmetry. Two additional ligands, hydride 
and triflate, complete the coordination sphere for ruthe- 
nium(Il) in an octahedral geometry (Fig. 1). Selective 
irradiations of certain ancillary ligand signals in a series 
of nuclear Overhauser enhancement (NOE) experiments 
were carried out in order to assign the resonances of 
different protons in 2 and in other complexes (see 
below). This method has previously been successfully 
employed by us in other ruthenium complexes [3,4]. 
The application of this method allowed the assignment 
of the pyrazole H* and H* resonances by irradiation of 
the CH, group [7] and it is in accordance with the usual 
criterion for pyrazoles where *J,, >*J,, [8]. 

A complete assignment of the six resonances (see 
Section 3) for the olefinic (two) and aliphatic (four) 
protons of the cod was performed by two consecutive 
irradiations. The first, at the hydride proton whose 
resonance appears at —8.77 ppm, led to enhancement 
of the signals of the closer olefinic and exo aliphatic 
protons at 3.62 and 2.33 ppm respectively. A second 
selective irradiation of the latter gave an obvious en- 
hancement of the signal at 3.62 ppm, and of that of the 
geminal aliphatic endo proton at 1.99 ppm. The 7 
NMR spectrum is in accordance with the proposed 
structure and shows (see Section 3) four signals for the 
bpzm and also four signals for the cod (two for the 
methylene and two for the olefinic carbon atoms). 

Reactivity studies on 1 and 2 with N and P donors 
were then carried out. 


2.1. Reactivity of 1 and 2 with PMe, Ph 


This reactivity was found to be highly dependent on 
molar ratio, temperature and reaction time. Thus the 


reaction of 2 with PMe,Ph in a 1:1 molar ratio for 15 
min at room temperature in acetone gives trans- 
[RuH(PMe, PhXbpzm\cod)JCF,SO, (3a) as the only 
product: 


[RuH(CF,SO,)(bpzm)(cod)] + PMe,Ph 


— trans-|RuH(PMe,Ph)(bpzm)(cod)]CF,SO, 
(2) 


Complex 3a was isolated as a white crystalline air-sen- 
sitive solid, which is soluble in polar solvents and 
insoluble in non-polar solvents. When solutions of 3a 
were kept, both at room temperature for a long time or 
at 45°C for 15 h, cis-RuH(PMe,Ph\bpzm)\cod)}- 
CF,SO, (3b) was formed as the main product, although 
it was always contaminated with non-hydride-contain- 
ing byproducts and all attempts to isolate a pure sample 
of 3b were unsuccessful. It was also impossible to 
collect variable-temperature NMR data to establish the 
kinetics of the isomerization process. Surprisingly, nei- 
ther 3a nor 3b was isolated from the reaction of 1 with 
AgCF,SO, and PMe, Ph in acetone in an 1:1: 1 molar 
ratio at room temperature, but rather an unresolved 
mixture of phosphine containing complexes was ob- 
served (monitored by 'H NMR). This suggests that 
several substitutions of both bpzm and cod by PMe, Ph 
had taken place. This behaviour was also observed 
when the reactions were carried out in 1:1:2 and 
1: 1:3 molar ratios. Attempts to isolate pure samples of 
the complexes from the reaction mixtures were unsuc- 
cessful. However, when the reaction in 1:1:1 molar 
ratio was carried out at —80°C and the solution was 
allowed to warm to room temperature, [RuH(CF,SO,)- 
(codXPMe,Ph),] (4) was isolated after appropriate 
work-up as a light-green solid, although always contam- 
inated with byproducts. As previously pointed out, the 
reaction of 1 with AgCF,SO, in the presence of PMe, Ph 
is not very selective and, under various conditions, 
mixtures of products resulting from chloride abstraction 
were obtained, leading to the formation of AgCl and the 
substitution of bpzm and cod by PMe, Ph. 

Some of these phosphine complexes have been fully 
characterized spectroscopically. Complex 3a shows in 
its IR spectrum a terminal hydride band at 1981 cm™'. 
The 'H NMR spectrum displays three sets of low field 
signals for the aromatic protons of two equivalent pyra- 
zol-1-yl groups and two signals of an AB system for the 
diastereotopic CH, group of the bpzm. Four signals for 
the aliphatic protons and two signals for the olefinic 
protons of the cod are also present, consistent with C, 
symmetry. The assignment of proton signals was again 
facilitated by NOE experiments. 

Both the hydride and the methyl phosphine reso- 
nances are doublets because of coupling with Pp. The 
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Fig. 2. Proposed structure for 4. 


value of J», = 96.9 Hz for the hydride resonance at 
— 0.68 ppm indicates a trans disposition arrangement 
of the H and PMe, Ph [9]. This value is higher than the 
value of 23.7 Hz found in the cis-isomer 3b where the 
hydride signal appears at —7.43 ppm (see Section 3). 
The *'P NMR spectrum shows a resonance at — 1.63 
ppm (J, = 96.9 Hz). The data are in accordance with 
an octahedral geometry for 3a similar to that previously 
found for 2 (see Fig. 1) where both H and PMe, Ph are 
apical. 

The °C NMR spectrum of 3a shows resonances for 
the carbon atoms of the bpzm and the cod (see Section 
3). The phosphine resonances are a set of four signals 
for the phenyl groups and one signal for the methyl 
groups. In order to assign some of the resonances, a 
two-dimensional heteronuclear chemical shift correla- 
tion ('H-'"°C COSY) experiment was carried out and 
some J, values in the *C{'H} NMR spectrum were 
determined. The J,,. values for the olefinic and carbon 
atoms close to the phosphine are larger than those of the 
more distant atoms. The IR spectrum of 4 shows v(Ru- 
H) at 1992 cm~' and the 'H NMR spectrum displays 
six resonances for the cod, in accordance with C, 
symmetry, while the hydride signal appears as a triplet 
at —11.31 ppm (J,,, = 24.0 Hz). This relatively small 
coupling constant value suggests a cis-disposition of the 
hydride and two equivalent phosphines. The phosphine 
resonances appear as two sets of signals for the phenyl] 
groups and two pseudotriplets for the methyl groups 
which is the standard pattern observed for two mutually 
trans-phosphines [10]. The data are in accordance with 
the octahedral structure depicted in Fig. 2. The lack of 
solubility of 4 has prevented the recording of the a - 
NMR spectrum. 


2.2. Reactivity of 1 and 2 towards P(OMe), 


The reaction of 2 with one equivalent of P(OMe), 
was carried out in a similar way to that previously 


Table 1 


described for PMe,Ph (see above) and gave trans- 
[RuH{P(OMe),}(bpzmXcod)|CF,SO, (Sa). This was 
prepared alternatively from the reaction of 1 with 
AgCF,SO, and P(OMe), in a 1:1:1 molar ratio at 
— 80°C in acetone. In both procedures, 5a was isolated 
as an air-stable white crystalline solid, although solu- 
tions in polar solvents such as acetone or THF, in which 
it is moderately soluble, are very air sensitive. Complex 
5a reacts with halogenated solvents to give [RuCl,- 
(bpzmXcod)]. The IR spectrum of 5a shows v(Ru—H) 
at 1976 cm~', and 'H and ‘°C NMR data support the 
structure depicted in Fig. 1 for 2, with the hydride and 
phosphite trans. The assignment of proton and carbon 
signals was also carried out by NOE and 'H-'°C COSY 
experiments, which also allowed the assignment of some 
of Jp- values in the C{'H} NMR spectrum. Complex 
Sa isomerizes to cis-[RuH{P(OMe),}(bpzm\cod)|CF,- 
SO, (5b) after heating a solution of the former for 40 h 
(monitored by 'H NMR spectroscopy), although other 
byproducts were detected which were not afterwards 
identified. It was again impossible to determine the 
kinetics of the isomerization process. The hydride reso- 
nance for Sb appears as a doublet at — 8.0 ppm, J, = 
24 Hz, in contrast with the values of —0.31 ppm, 
J py = 48.5 Hz, found for Sa. 

The behaviour of 1 with AgCF,SO, and P(OMe),, in 
a molar ratio 1:1:1, is clearly different from that 
previously described for PMe,Ph, where substitution of 
the bpzm by the phosphine was observed. 


2.3. Reactivity of 1 and 2 towards pyridine and related 
donors 


The reaction of 1 with AgCF,SO, and pyridine, 
4-methylpyridine (4-picoline) or 3,5-dimethylpyridine 
(3,5-lutidine) or 2 with the N-donors in molar ratios 
1: 1:1 and 1:1 respectively, at room temperature or at 
— 80°C, affords a mixture of two products which are 
tentatively identified as isomers [RuHL(bpzm\cod)}- 
CF,SO, (L = py, 4-picoline or 3,5-lutidine) judged by 
spectroscopic and analytical data. The mixture of prod- 
ucts was isolated as yellow solids, which were soluble 
in common polar solvents. Attempts to resolve the 
mixtures were unsuccessful because of similar solubili- 
ties. We cannot explain the isolation of the mixture of 
the isomers under these conditions and we have not 


'H NMR data for the cis and trans isomers{RuH(4-picolineXbpzmXcod)|CF,SO, 





"H NMR, 6 (ppm) 





Bis(pyrazolyl)methane 


Picoline Hydride 





CH, H? H* H® 


Aromatic Methyl! 





7.02 (s) 


8.13 (d, *J,, = 2.0 Hz) 


8.85 (d, *J,,=2.0Hz) 6.84 (pt) 8.39(d, °J,,=25Hz) 8.21 (d), 7.29(d, J =5.4Hz) 235(s) —5.61 (s) 
6.03 (J,x = 14.5 Hz) 8.21 (d,°J,, = 1.7 Hz), 6.47 (pt) 8.27 (d, °J,, = 2.7 Hz), 7.98 (d, *J = 6.1 Hz), 
8.13 (d, °J,,=2.6 Hz) 7.14(d, °J = 5.9 Hz) 


2.28 (s) —4.50(s) 
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observed an interconversion of isomers when the tem- 
perature was raised. The 'H NMR spectra show two 
hydride resonances. However, the assignment of the 
remaining signals is very difficult. In order to obtain 
additional structural data an exhaustive 'H NMR study 
on the mixture derived from 4-picoline was carried out. 
Double-resonance experiments, J,,, values and relative 
intensities of the signals resulted in the assignments 
depicted in Table 1. 

We conclude that the reactions of 1 and 2 with 
N-donors are not selective and we believe that a mixture 
of products, corresponding to cis and trans isomers 
form. 


2.4. Catalytic hydrogenation processes 


Complex 1 was used as a catalyst in catalytic hydro- 
genations of the following substrates: cyclohexene, cy- 
clohexanone, acetone and propanal, because of the 
well-known activity of several hydride ruthenium com- 
plexes in this kind of process [11]. In a typical proce- 
dure, solutions of the mixture of reagents, using as 
solvent either THF for the hydrogenation of cyclohex- 
ene or the corresponding carbonyl compound in the case 
of the remaining substrates, were placed in a steel 
reactor and H, was introduced at the pressure. The 
reaction conditions for the different experiments re- 
quired, as well as the observed catalytic activity, are 
shown in Table 2. 

The ability of ruthenium complex 1 to hydrogenate 
the substrates is greatest for cyclohexene and is espe- 
cially low for cyclohexanone. This may be due to the 
higher coordination capacity of the olefin. The low 
activity towards cyclohexanone occurs in spite of its 
greater basicity than acetone. In addition, electronic and 
steric factors may be responsible for the greater cat- 
alytic activity for the hydrogenation of propanal than of 
acetone. The rates of hydrogenation clearly show a 
temperature dependence, and the highest turn-over rates 
were obtained at 130°C. With the aim of generating 
coordination sites, silver or thallium salts were added to 
the mixtures employing cyclohexene and acetone (see 


Table 2 
Catalytic activity * 


Table 3 
Catalytic activity in basic medium * 





Catalytic activity (turn-over per hour) 
Cyclohexene 965 
Cyclohexanone 174 
Acetone 1091 





1506 ° 880 ° 





“ Reaction conditions: H, pressure, 30 bar; [substrate] /[precursor] = 
2000: 1; reaction time, 2 h without previous activation of the precur- 
sor; 80°C; NaOH-—MeOH, 0.1 M. 

* 130°C. 

* Transfer hydrogenation from 2-propanol; 80°C; NaOH-—/ 'PrOH 
(0.05 M); reaction time, 3 h. 


Table 2) but, surprisingly, in both cases a decrease in 
the catalytic activity was found. 

Owing to the favourable effect on the rates of hydro- 
genation, especially for ketones, strong bases, such as 
NaOH or KOH, are frequently added as cocatalysts [12], 
although their function is not well understood [13]. We 
decided to study the effect of base in some of our 
hydrogenation processes. In a typical procedure a solu- 
tion of NaOH in MeOH was used, and the reaction 
conditions and the observed values for the turn-over 
rates are shown in Table 3. The hydrogenation of 
propanal under these experimental conditions did not 
take place and the formation of condensation products 
was observed. A marked increase in activity in the 
presence of base was found and the turn-over rate for 
the hydrogenation of cyclohexanone at 130°C is, to the 
best of our knowledge, among the largest described. © 

The results prompted us to study the transfer hydro- 
genation of cyclohexanone, which showed a low hydro- 
genation activity (see Table 2). Ruthenium complexes 
are useful in the dehydrogenation of alcohols and in 
transferring hydrides to ketones in transfer hydrogena- 
tion catalytic processes [14]. When cyclohexanone was 
treated with the catalytic system [RuHCK(bpzm)\cod)]— 
NaOH] in propan-2-ol at 80°C, an efficient reduction of 
the ketone took place, and a dramatic improvement in 
the catalytic activity compared with previously de- 
scribed hydrogenations at the same temperature (174 
turn-overs per hour) was found (Table 3). An apprecia- 





Catalytic activity (turn-over per hour) 





Cyclohexene 400 ° 540 ¢ 
Cyclohexanone 0° 14° 
Acetone 80 ¢ 200 ¢ 
Acetaldehyde 82 ° 260 ¢ 


10 “* 115 * 


16 “ 16.4 * 





* Reaction conditions: H, pressure, 30 bar; [substrate] /[precursor] = 2000: 1; reaction time, 2 h without previous activation of the precursor. 
Room temperature. 

* 80°C. 

* 130°C. 

* With addition of TIBF4. 

‘ With addition of AgBF4. 
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ble enhancement in the rates of hydrogen transfer to 
many ketones when a small quantity of base was added 
to the system has previously observed [14c,d,15]. 


3. Experimental details 


All reactions were performed using standard 
Schienk-tube techniques in dry dinitrogen. Solvents were 
distilled from appropriate drying agents and degassed 
before use. Ruthenium materials [{RuCl,(cod)},] [16] 
and [RuHCKcodXbpzm)] [4] were prepared as previ- 
ously reported. Microanalyses were performed with a 
Perkin-Elmer 2400 CHN analyser. IR spectra were 
obtained in the region 4000-200 cm™' using a 
Perkin-Elmer 883 spectrophotometer. 'H (300 MHz) 
and ''C (75 MHz) NMR and NOE difference spectra 
were recorded at 19°C on a Unity Varian FT300 spec- 
trometer and referenced to the residual deuteriated sol- 
vents. NOE difference spectra were recorded with the 
following acquisition parameters: spectral width, 5000 
Hz; acquisition time, 3.27 s; pulse width, 90°; relaxation 
delay, 4 s; irradiation power, 5—10 L; number of scans, 
120. The two-dimensional NMR spectra were acquired 
using standard Varian FT sofware, and processed using 
an IPC-Sun computer. The gas chromatograph (GC) 
analyses for the reaction products in the catalytic exper- 
iments were carried out on a Hewlett-Packard 5890 
chromatograph with a flame ionization detector con- 
nected to a Hewlett—Packard 3395 integrator, and using 
a HP-FFAP (12 m X 0.2 mm X 0.33 pm) glass capillary 
column at 70°C. The hydrogenation reactions were car- 
ried out in an autoclave under H, at 30 bar and in a 
thermostatic bath with magnetic stirring. 


3.1. Preparations 


3.1.1. [RuH(CF,SO,)(bpzm)(cod)] EtOH (2). 

AgCF,SO, (65 mg, 0.25 mmol) was added to an 
acetone (20 ml) suspension of [RuHCK(bpzm\cod)] (100 
mg, 0.25 mmol) at — 80°C in a darkened Schlenk tube. 
The mixture was stirred and allowed to warm to room 
temperature. The yellowish solution was filtered and 
evaporated to dryness. Complex 2 was obtained as a 
white microcrystalline solid from ethanol diethyl ether 
(yield, 98.2 mg (71%)). 

Anal. Found: C, 39.61; H, 5.00; N, 10.44. 
C,,H,,F,;N,O,RuS calc.: C, 39.02; H, 4,88; N, 10.12%. 
IR (KBr cm™'): »(Ru-H) 2051 cm™'. 'H NMR 
({?7H, }acetone, tetramethylsilane (TMS)) 5 8.27 (d, 
2H, *J4s = 2.5 Hz, H®); 7.58 (d, 2H, *J,, = 1.7 Hz, H®); 
7.19 (s, 2H, CH,bpzm); 6.50 (pt, 2H, H*); 3.70 (bs, 
2H, H*cod); 3.62 (bs, 2H, H®‘cod); 2.72 (m, 2H, 
H°cod); 2.33 (m, 2H, H™° cod); 1.99 (d, 2H, Fpem = 7.5 
Hz, H*°cod); 1.93 (d, 2H, J,.., = 8.1 Hz, H™*°cod); 
—8.77 (s, 1H, hydride) ppm. “C NMR ((?H,} 


methanol, TMS): 6 143.78 ('J., = 187.5 Hz, C*); 
134.66 (J, = 195.9 Hz, C*); 108.6 (J, = 181.9 Hz, 
C*); 76.4 (Joy = 159.7 Hz, C® cod); 73.7 (Joy = 
153.7 Hz, C**’cod); 64.92 (‘J.y = 151.7 Hz, 
CH,bpzm); 34.18 ('J,y, = 125.2 Hz, C*cod); 29.05 
(‘Jey = 126.0 Hz, C*’cod) ppm. 


3.1.2. trans-[RuH(PMe,, Ph)(bpzm)(cod)]CF,SO, (3a). 

PMe,Ph (35.22 yl, 0.25 mmol) was added to an 
acetone solution (20 ml) of [RuH(CF,SO,Xbpzm\cod)] 
(126 mg, 0.25 mmol) and the solution was stirred for 15 
min. The initial yellow solution turned pale and was 
evaporated to 2 ml. Complex 3a crystallized as a white 
solid when diethyl ether was slowly added (yield, 119.4 
mg (74%)). 

Anal. Found: C, 44.36; H, 4.84; N, 8.93. 
C,,H,,F,N,O,PRuS calc.: C, 44.65; H, 4.99; N, 8.68%. 
IR (KBr): v(Ru-H) 1981 cm~' 'H NMR ((?H,} 
acetone, TMS): 6 8.19 (d, 2H, °J,, = 2.7 Hz, H®); 7.27 
(d, 2H, ‘J = 1.2 Hz, H®*); 7.27 (m, 2H, H?Ph); 6.98 
(m, 3H, H** Ph); 6.88 (AX system, 2H, J,, = 13.9 Hz, 
CH ,,bpzm); 6.49 (pt, 2H, H*); 3.17 (bs, 2H, H®‘cod); 
2.92 (bs, 2H, H‘cod); 2.56 (m, 2H, H™°cod); 2.41 
(m, 2H, H°cod); 1.86 (m, 2H, H“°cod); 1.80 (m, 2H, 
H™°cod); 1.51 (d, 6H, "Jp, = 6.9 Hz, Me); —0.68 (d, 
1H, "Jp, = 96.9 Hz, hydride) ppm. *P NMR ((?H,}- 
acetone, H,PO,): 6 —1.63 (d, J», = 96.9 Hz) ppm. 
"°C NMR ((?H,}acetone, TMS): 5 144.09 (‘Jy = 
189.0 Hz, “Jp = 2.55 Hz, C*); 136.90 (C'Ph); 135.60 
(‘Jey = 194.3 Hz, C*); 130.10 (C? Ph); 129.5 (C*Ph); 
128.50 (C*Ph); 108.66 ('J.,, = 182.2 Hz, C*); 72.90 
(‘J = 161.3 Hz, “Jp. = 2.02 Hz, C**cod); 64.90 (‘Jey 
= 160.7 Hz, “Jp. = 3.75 Hz, C** cod); 64.29 (Jou, = 
150.6 Hz, ‘Jy = 151.27 Hz, CH,bpzm); 32.25 (Jey 
= 125.4 Hz, C*°cod); 29.37 (‘Jy = 125.4 Hz, “Ipc = 
3.0 Hz, C**cod); 11.84 ('Jp- = 19.05 Hz, Me) ppm. 


3.1.3. [RuH(CF,SO,)(cod)(PMe, Ph),] (4). 

PMe,Ph (71.57 yl, 0.51 mmol) was added to an 
acetone (20 ml) suspension of [RuHCKbpzm\cod)] (100 
mg, 0.25 mmol). The mixture was stirred for 10 min, 
and a light-green solution was obtained. AgCF,SO, 
(97.6 mg, 0.38 mmol) was added to this solution at 
— 80°C in a light-protected Schlenk tube and the mix- 
ture was stirred and allowed to warm to room tempera- 
ture. The solution was filtered and evaporated to dry- 
ness to give a white solid which corresponds to 4 (yield, 
63.5 mg (40%)). No satisfactory analytical data were 
observed. 

IR (KBr): v(Ru—H) 1992 cm~'. 'H NMR ([?H,} 
acetone, TMS): 5 7.69 (bs, 4H, H* Ph); 7.32 (bs, 6H, 
H** Ph); 3.73 (bs, 2H, H®‘cod); 3.27 (bs, 2H, 
H‘cod); 2.57 (m, 2H, H™*cod); 2.17 (m, 2H, 
H°cod); 2.03 (bs, 2H, H™ cod); 1.85 (bs, 2H, 
H***°cod); 1.51 (pt, 6H, Me); 1.36 (pt, 6H, Me); — 11.53 
(t, 'H, "Jp, = 24.0 Hz, hydride) ppm. 
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3.1.4. trans-[RuH{P(OMe),}(bpzm)(cod)]CF,SO, (Sa). 

P(OMe), (22.40 yl, 0.19 mmol) was added to an 
acetone solution (20 ml) of [RuH(CF,SO,bpzm\cod)] 
(100 mg, 0.19 mmol). After stirring at room tempera- 
ture for 15 min, the solution was evaporated down to 2 
ml and, following cooling at — 180°C, 7a as a white 
solid was isolated (yield, 62.5 mg (52%)). 

Anal. Found: C, 36.38; H, 4.85; N, 8.58. 
C,,H3,F,;N,0,PRuS calc.: C, 36.11; H, 4.75; N, 8.87%. 
IR (KBr): v(Ru-H) 1976 em™'. ' H NMR ("H, } 
acetone, TMS): 8 8.32 (d, 2H, °J,; = 2.1 Hz, H®); 7.43 
(d, 2H, *J,,=1.5 Hz, H*); 7.19 (AB system, 2H, 
Jay = 12.0 Hz, CH,); 6.52 (pt, 2H, H*); 3.36 (d, 11H, 
Dru = 9.9 Hz, H'cod, Me); 3.18 (bs, 2H, H‘cod); 

2.57 (bs, 4H, H°cod); 1.84 (m, 2H, H*°cod); 1.78 
(m, 2H, H™*° cod); —0.31 (d, 1H, “Jp, = 148.5 Hz, 
hydride) ppm. *' P NMR ((? H «acetone, H,PO,): 5.00 
(d, Jpy = 148.5 Hz) ppm. BC NMR (CH, acetone, 
TMS): 5 145.33 (‘J = 190.8 Hz, “Jp¢ = 2.5 Hz, C°); 
135.29 (‘J, = 200.0 Hz, C*); 108.28 (‘Joy = 181.8 
Hz, C*); 71.46 (‘Joy = 150.73 Hz, C’P*cod); 66.00 
Ch. = 123.9 Hz, "Jvc = 7.0 Hz, C** cod); 64.50 (Joy 
= 157.7 Hz, “Jp =203 Hz, CH ,bpzm); 52.38 (Joy = 
146.2 Hz, “Jp. = 8.03 Hz, Me); 34.58 Tou = 121.9 
Hz, C**cod); "30. 33 (‘Jey = 123.9 Hz, “Spo = 3.0 Hz, 
C°cod) ppm. 


3.2. Catalytic hydrogenation processes 


In a typical experiment, a solution of [RuHCK(bpzm)- 
(cod)] (6 mg, 0.015 mmol) in 10 ml of THF to which 3 
mk(30 mmol) of cyclohexene had been added was intro- 
duced under dinitrogen into the reactor and the reaction 
vessel was pressurized at 30 bar. After heating at the 
appropriate temperature and stirring the reaction for 2 h, 
the autoclave was cooled, and the products analysed by 
GC. 

The hydrogenation procedures for the carbonyl-con- 
taining products were carried out in a similar way. 

In the experiments with the cocatalyst NaOH, the 
precursor [RuHCK(bpzm)cod)] was dissolved in 
methanol solutions containing base. For example 1 (6 
mg, 0.015 mmol) was dissolved in 10 ml of NaOH- 
MeOH (0.1 M) and 3 ml of cyclohexene were subse- 
quently added. The remaining operations were similar 
to those described above. 


3.3. Catalytic transfer hydrogenation of cyclohexanone 


A solution of [RuHCK(bpzm\cod)] (6 mg, 0.015 
mmol) in 10 ml of propan-2-ol and 5 ml of NaOH 
Pr'OH (0.05 M) was heated at 80°C. Cyclohexanone (3 


ml) was added, the mixture was heated under reflux at 
80°C for 3 h, and then the reaction products were 
analysed by GC. 


Acknowledgement 


The authors gratefully acknowledge financial support 
from the Direccién General de Investigacién Cientifica 
y Técnica (Grant. PB92-0715). 


References and notes 


[1] S. Trofimenko, Chem. Rev., 93 (1993) 943. 

[2] Selected examples: (a) A. Llobet, D.J. Hodgson and T.J. Meyer, 
Inorg. Chem., 29 (1990) 3760; (b) A. Llobet, M.A. Curry, H.T. 
Evans and T.J. Meyer, Inorg. Chem., 28 (1989) 3131; (c) A. 
Llobet, P. Doppelt and TJ. Meyer, Inorg. Chem., 27 (1988) 
514. 

[3] M. Fajardo, A. de la Hoz, E. Diez-Barra, F.A. Jalén, A. Otero, 
A. Rodriguez, J. Tejeda, D. Belleti, M. Lanfranchi and M.A. 
Pellinghelli, J. Chem. Soc., Dalton Trans., (1993) 1935. 

[4] F.A. Jalén, A. Otero and A. Rodriguez, J. Chem. Soc., Dalton 
Trans., (1995) 1629. 

[5] B. Moreno, S. Sabo-Etienne, B. Chaudret, A. Rodriguez, F. 
Jalén and S. Trofimenko, J. Am. Chem. Soc., 116 (1994) 2635. 

[6] G.K.N. Reddy and N.M. Nanje Gowda, J. Indian Chem. Soc., 
54 (1977) 289. 

[7] W. Holser, Tetrahedron, 47 (1991) 1393. 

[8] (a) L.A. Oro, M. Esteban, R.M. Claramunt, J. Elguero, C. 
Féces-Féces and F.H. Cano, J. Organomet. Chem., 276 (1984) 
79; (b) J. Elguero, R. Jacquier and D. Tizané, Bull. Soc. Chim. 
Fr., 5 (1969) 1687; (c) G. Minghetti, M.A. Cinellu, A.L. 
Bandini, G. Banditelli, F. Demartin and M. Manassero, J. 
Organomet. Chem., 315 (1986) 387. 

[9] H.D. Kaesz and R.B. Saillant, Chem. Rev., 72 (1972) 231. 

[10] (a) J. Chatt, and R.G. Wilkins, J. Chem. Soc., (1952) 4300; (b) 
J. Chatt and R.G. Wilkins, J. Chem. Soc., (1953) 70; (c) J. 
Chatt and R.G. Wilkins, J. Chem. Soc., (1956) 525; (d) J.M. 
Jenkins and B.L. Shaw, J. Chem. Soc. A, (1966) 770. 

{11] F.H. Jardine, (Prog. Inorg. Chem., 31 (1984) 265 and refer- 
ences cited therein.) 

[12] (a) P. Chaloner, Handbook of Coordination Catalysis in Or- 
ganic Chemistry, Butterworths, London, 1986; (b) G. Zassi- 
novich and G. Mestroni, Chem. Rev., 92 (1992) 1054. 

[13] P. Kvintovics, B.R. James and B. Heil, J. Chem. Soc., Chem. 
Commun., (1986) 1811. 

[14] Selected examples: (a) R. Noyori and H. Takaya, Acc. Chem. 
Res., 23 (1990) 345, and references cited therein; (b) D.E. Linn, 
J. Halpern, J. Am. Chem. Soc., 109 (1987) 2969; (c) L.R. 
Chowdhury and J-E. Backvall, J. Chem. Soc., Chem. Commun., 
(1991) 1063; (d) D. Morton and D.J. Cole-Hamilton, J. Chem. 
Soc., Chem. Commun., (1988) 1154; (e) C. Bianchini, E. Far- 
netti, M. Graziani, M. Perozzini and A. Polo, Organometallics, 
12 (1993) 3753. 

[15] See for example B. Graser and H. Steigerwald, J. Organomet. 
Chem., 193 (1980) C67. 

[16] M.A. Bennet and G. Wilkinson. Chem. Ind. (London), (1959) 
1516. 





Journal of Organometallic Chemistry 508 (1996) 75-81 





Chemistry 





Properties and reactivity of the new [Ir,\u-CO),{ CO) ,(u-PR,\ PR,) 5] 
clusters, (PR, = PPh, pyl,_,, pyl = 2-pyridyl) 


K. Wajda-Hermanowicz, F. Pruchnik *, M. Zuber 
Institute of Chemistry, University of Wroclaw, 14 F. Joliot-Curie, 50-383 Wroclaw, Poland 


Received 12 April 1995 





Abstract 


The complex Ir,(CO),, was shown to react with pyridylphosphines to give [Ir,( 4-~CO),(CO). u-PPh,pylXPPh.,pyl),] (1) [Ir p- 
CO),(CO).{ u-PPhpyl, XPPhpyl,),} (2) and [Ir,( ~-CO),(CO).( u-PpylXPpyl)2] (3) in which one of the phosphine ligands bri 


through coordination of P and N atoms. Clusters 1-3 were characterized by 'H, 


"P NMR and IR spectroscopy. Variable-temperature ‘H, 


*'P and “C NMR spectra of 1-3 were investigated and the results are discussed. In solution under CO complexes 1-3 are in equilibrium 


with the clusters [Ir,( 4 — CO),(CO),(PR ,),]. 


Keywords: Iridium; Carbonyl; Phosphine; Pyridyl; Clusters; NMR spectroscopy 





1. Introduction 


The synthesis and reactivity of metal carbonyl clus- 
ters is attracting increasing attention [1—3]. These species 
show a rich substitution, catalytic and structural chem- 
istry. Substitution of the carbonyl groups by other lig- 
ands exerts an influence on the reactivity of the clusters 
[4-8]. Very interesting ligands in this respect could be 
the potentially multidentate 2-pyridylphosphines of the 
type PPh, pyl,_, (x =0, 1, 2). It is known that they 
can act as unidentate terminal ligands [9-11] bridging 
ligands [12,13] or chelating ligands [14,15]. Changes in 
coordination on going from the solid to solutions are 
also known [16]. Recently we made [Ir,(CO),(PR ,),}- 
type complexes (PR, = PPh, pyl,_,, pyl = 2-pyridyl, 
x = 0, 1, 2) [17]; in solution under argon the clusters 
lose one CO ligand and are transformed into complexes 
[Ir,( ¢-CO),(CO).( x-PR,XPR,),] (PR, = PPh,pyl,_., 
pyl = 2-pyridyl). We report below the results of studies 
of the synthesis, properties, reactivity and fluxional 
behaviour of the clusters. 


* Corresponding author. 


0022-328X /96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 


SSDI 0022-328X(95)05779-X 


2. Experimental details 
2.1. Materials and apparatus 


The NMR spectra were recorded on a Bruker AMX- 
300 spectrometer and IR spectra on Specord M-80 and 
Bruker IFS 113V spectrometers using KBr pellets. 
(NH,),IrCl, was purchased from Fluka. 


2.2. Preparation of complexes 


2.2.1. [IrCO),,] 
The complex was prepared as previously described 
[18]. 


2.2.2. [Ir 2 — CO),(CO),( s-PPh, pyl(PPh, pyl),] (D 

A sample of [Ir,(CO),,] (0.2 g, 0.18 mmol) was 
placed in a bulb equipped with a reflux condenser, 
dropping funnel and CO inlet. The apparatus was filled 
with CO and a KOH/MeOH solution (0.6 M, 20 ml), 
carefully deaerated with nitrogen, was added. The sus- 
pension was stirred at 60—70°C until a clear solution 
was obtained, and then a solution of PPh,pyl (0.2 g, 
0.76 mmol) [Ir,(CO),,/PR, = 1:4.2] in 6 ml of MeOH 
(carefully deaerated with nitrogen) was added. The mix- 
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ture was stirred at 70°C for 1 h under a CO atmosphere 
until the orange product separated out. The precipitate 
was filtered off, washed with methanol and heptane, and 
dried under nitrogen. Yield, 87%. 


2.2.3. [Ir(u-CO),(CO),(u-PPhpyl,)(PPhpyl,),] (2) 
and [Ir ,( u-CO);(CO),( u-Ppyl,)(Ppyl,),] (3) 

These clusters were prepared analogously using 
PPhpyl, and Ppyl,, respectively. Yields of obtained 
products were similar. 


2.3. Spectroscopic data 


The IR data ' (cm~') in the region 4000-400 cm~' 
were as follows: 

ae 1: 1768 vs* 

; 1950 vs*; 1961 vs* 
2040 ws 3050 m. 

Complex 2: 1775 vs**; 1780-vs**; 1842 vw; 1943 
vs*; 1972 vs*; 1993 vs*; 2006 s*; 3045 w. 

Complex 3: 1771 vs* *; 1788 vs**; 1844 vw; 1938 
s*; 1974 vs*; 1990 vs*; 2004 s*; 2040 vw *; 2850 vw; 
2920 w; 2990 vw; 3040 w; 3435m. 

The 121.5 MHz ™ P{'H} NMR spectra ? (8, ppm) of 
[Ir,( 4-CO),(CO),( u-PR,XPR,),] in CD,Cl, (with 
85% H,PO, as standard) were ~ follows: 

Complex 1: 28.3 [dd, (P, P,) = 48.2 Hz, JP, P,) 
=2.4 Hz, P. |; -12.2 [dd, “J(P,,P,) = = 48.2 Hz, 
°7(P,,P,) = 2.4 Hz, P,}; — 13.4 [t, “J(P,,P.) ="J(P,,P,) 
= 2.4 Hz, P,] ppm. 

Complex 2: 28.9 [dd, JP, P, ) = 46.7 Hz, Xe P,) 
= 2.2 Hz, P. |; —7.4 [dd, “J(P,,P,) = Hz, 
*7(P,,P,) = 2.2 Hz, P,}; — 11.2 [t, “V(P,,P,) = HP,PD 
= 2.2 Hz, P,] ppm. 

Complex 3: 31.9 [dd, *V(P Py) = 44.0 Hz, J(P,, P,) 
=2.4 Hz, P. |; —3.8 [dd, “J(P,,P,) = 44.0 Hz, 
‘J(P,,P,) = 2.4 Hz, P,}; —9.4 It, “7(P,,P.) = *J(P,,P,) 
= 2.4 Hz, P,] ppm. 

The 300 MHz 'H NMR spectra * (5, ppm) of [Ir,( p- 
CO),(CO),( u-PR, PR), Jin CD,Cl, were as follows: 

Complex 1: 8.72 [m(10), 76, 5) = ‘4. 7 Hz, J(6,4) = 
1.9 Hz, J(6,3) = 0.8 Hz, J(6,P) = 0.9 Hz, H6(a)]; 8.55 
[m(10), *J(6,5) = 4.8 Hz, J(6,4) = 1.7 Hz, J(6,3) = 1.0 
Hz, J(6,P) = 0.9 Hz, H6(a)]; 8.49 [m(10), *7(6,5) = 5.4 
Hz, *7(6,4) =1.3 Hz, °7(6,3) =0.9 Hz, J(6,P) = 0.6 
Hz, H6(b)]; 7.15 [m(14), *7(5,4) = 7.5 Hz, °J(5,6) = 4.8 
Hz, *J(5,3)=1.3 Hz, J(5,P)=2.7 Hz, H5(a)]; 7.03 
[m(12), °J(5,6) = 5.4 Hz, °J(5,4) = 7.2 Hz, “J(5,3) = 1.8 


; 1786 vs**; 1814 w; 1934 
; 1980 vs(sh)* : 2007 vs*; 


" Designation: *, v(CO) terminal; **, »(CO) bridging. 
? Designation: P, = radial; P, = bridging; and P, = axial phos- 
phine ligand (Fig. 1). 
* Designation: (a) protons of pyridyl ring non-coordinated with 
iridium; (b) protons of pyridyl ring coordinated with iridium (see Fig. 
1). 


[\ 2 


Ps 





Fig. 1. Schematic structure of the [Ir,( u-CO),(CO),.( u- 
PR,XPR,), }-type clusters. 


Hz, J(5,P) = 2.2 Hz, H5(b)]; 6.54 [m(16), *7(3,4) = 7.8 
Hz, *J(3,5)=1.8 Hz, °J(3,6)=0.9 Hz, J(3,P)=4.1 
Hz, H3(b)] ppm; Ph and remaining pyl protons over- 
lapped in the range 7.7—7.2 ppm (not resolved). 

Complex 2: 8.73 [m(10), “J(6,5) = 4.7 Hz, “J(6,4) = 
1.7 Hz, °J(6,3) = 1.0 Hz, J(6,P) = 0.9 Hz, Ho(a)]; 8.54 
[m(10), °7(6,5) = 4.7 Hz, “J(6,4) = 1.9 Hz, °J(6,3) = 1.0 
Hz, J(6,P) = 0.9 Hz, Ho(a)]; 8.51 [m(10), °4(6,5) = 4.8 
Hz, *J(6,4) = 1.7 Hz, *J(6,3)=1.0 Hz, J(6,P)=0.9 
Hz, H6(a)]; 8.42-8.36 [H6(b) and H6(a), overlapping, 
not resolved]; 7.92 [m(12), °(3,4) = 7.8 Hz, *J(3,5) = 
1.3 Hz, °J(3,6) = 1.1 Hz, J(3, P) = 4.2 Hz, H3(a)}; 7.83 
[m(12), °7(4,3) = 7.8 Hz, 37(4,5) = 7.8 Hz, ‘J(4,6) = 1.7 
Hz, J(4,P) = 4.2 Hz, H4(a)]; 6.98 [m(10), °J(5,4) = 7.7 
Hz, *J(5,6) = 5.3 Hz, “J(5,3) = 1.6 Hz, J(5,P) = 2.2 Hz 
H5(b)]; 6.54 [m(12), °7(3,4) = 8.0 Hz, “J(3,5) = 1.7 Hz, 
°J(3,6) = 1.0 Hz, J(3,P) = 4.4 Hz, H3(b)] ppm; Ph and 
remaining py! protons overlapped in the range 7.7—7.09 

ppm (not resolved). 

Complex 3 8.63 [m(10), *J(6,5) = 4.8 Hz, “J(6,4) = 
1.7 Hz, *J(6,3) = 1Hz, J(6,P) =0.8 Hz, Ho(a)]; 8.58 
{m(10), °7(6,5) = 4.8 Hz, “J(6,4) = 1.7 Hz, °J(6,3) = 1 
Hz, J(6,P) = 0.8 Hz, Ho6(a)}; 8.50 [m(10), “J(6,5) = 4.7 
Hz, “J(6,4) = 1.8 Hz, *J(6,3)=1.1 Hz, J(6,P)=0.8 
Hz, H6(a)); 8. 41 [H6(b), overlapping, not resolved]; 
8.34 [m(10), °(6,5) = 4.8 Hz, “J(6,4) = 1.9 Hz, °J(6,3) 
= 1.0 Hz, J(6,P)=0.7 Hz, HO&a)); 8.03- 7.88 (H3 
overlapping, not resolved); 7.76 [m(12), °J(4,3) = 7.8 
Hz, *J(4,5)=7.6 Hz, “J(4,6)=1.7 Hz, J(4,P)=4.4 
Hz, H4(a)]; 7.72-7.61 (H4, overlapping, not resolved); 
7.49 [m(12), °J(4,5) = 7.7 Hz, °J(4,3) = 7.9 Hz, JG, 6) 
= 1.7 Hz, J(4,P) = 2.6 Hz, H4(b)]; 7.31 [m(14), (5,4) 
= 7.6 Hz, °J(5,6) = 4.6 Hz, *J(5,3) = 1.2 Hz, J(5,P) = 
2.8 Hz, H5(a)]; 7.26-7. 13 ppm [H5(a), overlapping, not 
resolved); 7.00 [m(12), °J(5,4) = 7.7 Hz, °7(5,6) = 5.3 
Hz, *J(5,3)= 1.5 Hz, J(5,P)=2.2 Hz, H5(b)}; 6.70 
[m(16), °J(3,4) = 7.9 Hz, 4J(3,5) = 1.6 Hz, °J(3,6) = 0.9 
Hz, J(3,P) = 3.8 Hz, H3(b)] ppm. 
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3. Results and discussion 


The [Ir,( -CO),(CO),( u-PR, PR ,),] clusters (PR , 
= PPh, pyl,_,, pyl = 2-pyridyl, x = 0, 1, 2) were pre- 
pared by reaction of Ir,(CO),, with the appropriate 
phosphine in 0.6 M KOH solution in methanol at 75°C 
under CO with a Ir,(CO),,/PR,/KOH ratio of 1:4: 10, 
or from [Ir,(CO),(PR,),] in CHCl, under argon at 
20-—50°C. The reactions are shown in Fig. 2. 

The clusters of type [lIr,( ~-CO),(CO),( u-PR,)- 
(PR,),] are very interesting because of their crystal 
structures and fluxional behaviour in solution. A 
single-crystal X-ray study of 1 [19] revealed that it 
contains one phosphine ligand bridging through P and N 
atoms and two phosphines (radial and axial, see Fig. 1) 
coordinated through the phosphorus atom only. How- 
ever [Ir,( ¢-CO),(CO),(PPh, pyl), contains only termi- 
nal phosphines. The carbonyl ligands in Ir,[( u- 
CO),(CO).( u-PR,XPR,),] and in [Ir,( ~-CO),(CO),- 
(PR,),] are present as both terminal and bridging lig- 
ands. In both types of clusters there are three carbonyls 
bridging Ir—Ir bonds in the basal plane of the cluster. 

In the IR spectra of 1-3 both the terminal and 
bridging CO stretching frequencies have lower values 
than those in [Ir,( 4-CO),(CO),(PR,),] [17]. This is due 
to the stronger o-donor and weaker m-acceptor proper- 
ties of the N atom of pyridy! ring compared with that of 
the CO ligand. Thus coordination via N atom increases 
the electron density on Ir atoms in the cluster. This 
leads to weakening of the C—O bond in coordinated 
carbonyls and so to a lowering of the »(CO) frequen- 
cies. 

The 'H NMR spectrum of tris(2-pyridyl)phosphine 
[20] consists of four well-separated multiplets, assigned 
to four non-equivalent pyridyl protons (H6, 8.70 ppm; 
H3, 7.18 ppm; H4, 7.60 ppm; and HS, 7.40 ppm). Four 
multiplets are also present in the spectrum of tris(2- 
pyridyl)phosphine oxide or sulphide. Relative to those 
for the phosphine, the resonances of protons 3, 4 and 6 


[Irg(u-CO)3(CO)6(PR3)3) 
33% - 12% 


cael te /e 


KONeAOH |HIrg(CO)) 1] 


(1) PPhypy! jp PPtpyl \ Ppyls(3) 
759°C 75°C 75°C 


60% 60% 70% 
[1r4(u-CO)3(CO)s(4-PR3)(PR3)21 


Fig. 2. Preparation of [Ir,( p-CO),(CO),( p-PR,XPR,),] and (Ir,( ee 
CO),(CO),(PR,)s]. 





Irg(CO)}2 


in the phosphine oxide are shifted towards lower field 
by about 0.1—0.2 ppm. The resonance of proton 5 is 
shifted towards lower field by about 0.8 ppm. 

For rhodium complexes of the type [RhCKCO)- 
(PR,),] [16] (where PR, = PPhpyl, and Ppyl,) it was 
found that, because of coordination of phosphine via 
phosphorus, pyridyl resonances are shifted towards 
lower fields relative to those for the free phosphine. 
This is because the electron density on coordinated 
phosphine is lower (similar to phosphine oxide) than in 
the free ligand. In contrast, the resonances of the pro- 
tons of the pyridyl ring coordinated via nitrogen and 
phosphorus appear at higher field than those for 
pyridylphosphines coordinated via phosphorus only. 
This effect is also observed for the iridium clusters 
[Ir,( x-CO),(CO),( u-PR »XPR; ),] considered below. 

The 121.5 MHz ™P{'H) and 300 MHz 'H NMR 
spectra of [Ir,( ¢-CO),(CO).( u-PR,XPR,).] clusters 
indicate they have the same structure in the solid and in 
solution. Two pyridylphosphine ligands are coordinated 
to iridium via P atoms only. The remaining phosphine is 
coordinated via the and the nitrogen of one 
of pyridyl rings. The * P{'H} NMR spectra in CDCI, 
exhibit two double doublets for the radial and bridging 
ligands as well as a triplet for the axial phosphine ligand 
(see NMR data above). The triplet results from overlap- 

ing of two doublets with the same °(P,, P,) and 
J(P,, P,) coupling constants. The 'H NMR spectra 
indicate that the chemical shifts of protons of the non- 
coordinated pyridyl rings are approximately the same 
for both [Ir,( u¢-CO),(CO)(PR,),] and [Ir,( p- 
CO),(CO).{ 4-PR,XPR,),] compounds. However, the 
proton resonances for the pyridyl rings of the P, N- 
bonded bridging phosphine ligand always appear at the 
highest fields (see NMR data). The 2D homo- (H, H) 
and hetero-correlated (H, C) COSY spectra confirm a 
very characteristic shift of the H3 resonance of the 
bridging pyridyl ring in PPh, pyl,_, (x =0, 1, 2) lig- 
ands. For the bridging Ppyl, ligand, the H3 resonance is 
shifted by ca. 1.15-1.38 ppm towards higher field (in 
this case the signals of the H3 protons of non-coordinat- 
ing pyridyls overlap, and the exact values of the chemi- 
cal shifts were not determined) (see 'H NMR data). For 
complexes with PPhpyl, and PPh, py! ligands, the H3 
resonances of the non-bridging phosphines were not 
resolved. The H4 and HS resonances undergo analogous 
shifts of ca. 0.27—0.12 ppm and 0.12 ppm, respectively 
(as was found for complexes containing the PPh, pyl 
ligand). The resonance for H6 proton is shifted only 
slightly (as in the case of complexes with PPh, pyl and 
Ppyl, ligands; in the case of the cluster with a PPhpyl, 
ligand this resonance overlaps with the H6 resonance of 
the uncoordinated pyridyl ring). Thus the most charac- 
teristic difference between bridging and non-bridging 
phosphines in [Ir,( ¢-~CO),(CO).( u-PR,XPR,),] clus- 
ters lies in the large shift (towards higher field) of their 
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H3 pyridyl protons. It was also found that the lines in 
resonances of the protons in the pyridyl ring in P,N- 
bonded phosphine ligands are broader than those for the 
remaining protons, probably because of the interaction 
with the iridium atom which possesses a quadrupole 
moment. 

The 'H and *' P NMR spectra of 1 and 2 are tempera- 
ture-dependent (Figs. 3 and 4). The 'H spectra of both 
compounds in CH,Cl, do not change significantly be- 
tween +20°C and — 40°C. The only effects observed in 
this range involve changes in the chemical shifts for 
some resonances and some broadening of resonance 
lines at temperatures down to — 40°C. This is clearly 





Fig. 3. The 300 MHz 'H variable-temperature NMR spectra of 2 in 
CD,Cl,. 


seen for 2 in the range 8.2—8.8 ppm (where only signals 
of the H6 pyridyl protons appear). However at lower 
temperatures, between —50°C and —90°C, new broad 
resonances appear. For the cluster with PPh, pyl [21] the 
new signals appear at 5 6.7, 7.7 ppm and at 6 6.3, 8.0 
ppm. In the case of PPhpyl, the new resonances are at 
5 6.7 ppm and 5 7.9 ppm (Fig. 3). The 'H NMR 
spectra of 3 exhibit no significant changes in the range 
+20°C to —90°C. We thus suggest that the observed 
changes are due to rotation of the ligand around the Ir 
—P bond or of the phenyl group around the P—C 
bond. 

Complexes 1 and 2 display averaged signals in their 
*'p('H} NMR spectra down to about — 70°C. The spec- 
tra at room temperature, in CD,Cl, or CDCI, as sol- 
vent, contain three resonances: P. = dd, P,, = dd, P, = t 
(for designations and values of chemical shifts and 
coupling constants, see Experimental details). However, 
the line width depends on the solvent used as well as on 
the temperature. In CCl,/CDCI,/CH,Cl, (13:27:60 
volume ratio) (used as a solvent for measurements at 
temperatures up to — 115°C), and also in CD,Cl, and 
CDCl, at temperatures below O0°C, J(P., P,) and 
J(P,, P,), couplings are not observed. As a result the 
spectrum consist of a P, doublet, a P,, doublet and a P, 
singlet. At —70°C, collapse of the P. doublet is ob- 
served for the cluster with PPh,pyl as ligand. In the 
case of the cluster with PPhpyl,, merging of P. into a 
singlet takes place at — 80°C. 

At —90°C, substantial broadening of the P. reso- 
nance at 5 30 ppm is observed for the complex with 
PPh, pyl. Below —90°C, two broad signals appear in 
this region. For 1, their chemical shifts are 5 33.5 ppm 
and 29.0 ppm. In the case of the cluster with PPhpyl,, 
the coalescence temperature is lower by about 5°C. At 
— 110°C, resonances for P, are observed at 5 32.0 and 
26.0 ppm. For the bridging phosphine ligand broadening 
of the P,, doublet is also observed, and this finally 
merges into a singlet. In the cluster with PPh, pyl, 
collapse of the P,, doublet takes place at — 90°C (for the 
corresponding P. resonance collapse of the doublet 
occurs at — 70°C), while for the complex with PPhpyl, 
the same behaviour is observed at lower temperatures 
(the P. doublet becomes a singlet at —80°C while 
merging of the bridging doublet is observed at about 
— 110°C). 

Cluster 3 exhibits dynamic properties only at much 
lower temperatures. At —113°C, merging of the P, 
doubiet into a singlet is observed, while the remaining 
resonances do not essentially change. Because of the 
sparing solubility of the clusters in solvents with very 
low freezing points, we were not able to examine the 
*'p('H} NMR spectra at lower temperatures. 

The temperature-dependent *' P('H} NMR spectra for 
the clusters suggest that the observed changes are due to 
the change in the coordination sphere of the Ir atom 
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bound to radial phosphine. It is also noteworthy that the 
coalescence temperatures depend on the number of 
pyridyl rings in the phosphine molecules (the larger the 
number of pyridyl rings, the lower the coalescence 
temperatures). 

The natural abundance ""C NMR spectra of the 
complexes are very complicated. For illustration, the 
‘°C NMR spectra of 1 in CD,Cl, at +20°C and —90°C 
are shown in Fig. 5. The low-field resonances at 6 
221.1, 214.3 and 212.7 ppm can be assigned, by anal- 
ogy with data for known compounds, to the three 





| 223 K 
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bridging carbonyls [22-27]. It is known that in the °C 
NMR spectra of Ir, clusters the chemical shifts of the 
ligand resonances decrease in the sequence bridging > 
radial > axial ~ apical [26]. From the 2D heterocorre- 
lated (H, C) COSY spectra we can also assign the 
signals in the range 5 179.3-170.0 ppm to the remain- 
ing carbonyl groups. The doublet at 5 175.6 ppm can 
probably be assigned to the apical carbonyl group (des- 
ignated as “ in Fig. 1); the observed J(C—P) coupling 


constant for this carbonyl group is 30.5 Hz. Such large 
coupling constants are observed for analogous com- 
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Fig. 4. The 121.5 MHz *' P('H) variable-temperature NMR spectra (A) of 1 and (B) of 2 in CC1,/CDC1,/CH,C1, (13:27:60 volume ratio); 


* = impurity. 
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Fig. 5. The 75.5 MHz “°C NMR spectra of 1 in CD,C1,. 


pounds when the ligands are pseudo-trans to each other 
in apical and basal—axial positions [8,22,24]. The re- 
maining carbonyl resonances proved more difficult to 
assign. The signals in the range 5 161.7—120 ppm 
belong to the carbons of the phenyl and pyridyl rings. 
They are coupled with P atoms and were not resolved. 

As is shown in Fig. 5, lowering of the temperature 
causes only slight changes in C{'H} NMR spectrum in 
the carbonyl region. At —90°C the lines are broader 
and there is some change in the chemical shifts of some 
resonances. However at —90°C only two resonances 
are observed above 6 210 ppm (6 221.1 and 212.8 
ppm, intensity ratio 1:2). Taking account of the nature 
of the changes with temperature, we suggest that the 
two bridging carbonyl resonances observed at — 90°C 
are due to coincidential overlapping of signals at 6 
214.3 and 212.7 ppm as a result of a shift of the first of 
these signals. 

In the light of the 'H, *'P{'H} and “C{'H} NMR 
spectra, and of the temperature-dependent spectra, we 
conclude that: 


1. The [Ir,( ¢-CO),(CO).( u-PR,XPR,),}-type clusters 
have the same geometry in the solid state and in 
solution, since the **P NMR spectrum of 1 at room 
temperature is consistent with the X-ray structure. 


. Carbonyl scrambling is not observed in the tempera- 
ture range +90°C to — 115°C. 

. The 2-pyridyl rings (both coordinated and non-coor- 
dinated) are not involved in the exchange process 
and their resonances do not coalescence. Therefore 
the dynamic properties at low temperatures are due 
to rotation of the ligand around the Ir—P bond or of 
the phenyl group around the P—C bond. 


There is a very interesting reaction of the [lIr,( u- 
CO),(CO).( -PR,PR,),] clusters with CO [21]. Even 
with only a stoichiometric amount of CO splitting of the 
Ir—N bond is observed and a carbony! ligand is coordi- 
nated to the apical iridium atom. These reactions can be 
monitored by * P{'H} and 'H NMR spectroscopy. The 
rate of consumption of a stoichiometric amount of CO 
is slow at room temperature. The reverse processes 
were also observed. In solution under argon, the [Ir,( - 
CO),(CO),(PR,),] clusters one carbonyl ligand at the 
apical iridium atom is substituted by the N atom of one 
of the pyridyl groups. Thus the following equilibrium 
exists in solution: 


[Ir4(CO)s( w-PR;)(PR3)s] <= [Ir4(CO)4(PR;)5] 


Similar behaviour was observed for [Ir,Rh,(CO),,- 
(n*-COD)] [25]. Displacement of the second carbonyl 
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ligand at the apical iridium atom was not observed by 
use of NMR spectroscopy even at 90°C. No displace- 
ment of a CO ligand in [Ir,( ¢-CO),(CO).{ u-PR,)- 
(PR,),] to give [Ir,( 4-CO),(CO),( u-PR,)(PR,)] was 
observed also in a basic medium. 
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Abstract 


Molecular oxygen was used as the oxidant to promote the Pd" and Cu" catalyzed cyclization of acyclic allylic 2-alkynoates, yielding 
a-haloalkylidene-y-butyrolactones with high stereoselectivity. The stereochemistry of halopalladation of the carbon—carbon triple bond, 
1,2-induction in the intramolecular carbon—carbon double insertion and oxidative cleavage of carbon—palladium bonds in the cyclization 


reaction were studied in detail. 


Keywords: Palladium(II); Molecular oxygen; Oxidative cleavage; Butyrolactone; Cyclization; Stereoselectivity 





1. Introduction 


The stereoselective process has played a central role 
in the synthesis of compounds possessing medicinal or 
theoretical significance [1]. Recently, transition metal- 
catalyzed reactions, especially those that construct cyclic 
structures from easily available acyclic precursors, have 
received much attention owing to the template action of 
the transition metals [2]. 

The a-methylene-y-butyrolactone ring is an integral 
building block of many important naturally occurring 
compounds which exhibit many interesting biological 
activities such as cytotoxicity, antitumority, etc. [3]. 
Also, y-butyrolactones are versatile intermediates in 
organic synthesis and are widely used in natural product 
synthesis [4]. Thus, it is of common interest to study the 
construction of y-butyrolactones. We have been en- 
gaged in the development of new synthetic methods for 
a-alkylidene-y-butyrolactone derivatives from readily 
available acyclic allylic 2-alkynoates [5]. In our reac- 
tion, the lactone ring is constructed by carbon—carbon 
bond formation, which is quite different from the other 
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methodologies reported. Based on this strategy, the 
carbon—carbon triple bond was first halopalladated to 
generate a vinylpalladium species, followed by in- 
tramolecular carbon—carbon double-bond insertion to 
form a new carbon—palladium bond which was quenched 
using different methods, such as dehalopalladation [Sb], 
deacetoxypalladation [Sc], dehydroxypalladation [Sd], 
carbonylation [Se] and oxidative cleavage by CuX, [Sf], 
etc., to complete the catalytic cycle. Thus, a series of 
a-methylene-y-butyrolactone derivatives were synthe- 
sized stereoselectively (Scheme 1). 

Recently, considerable attention has been devoted to 
the development of aerobic oxidation catalysts for eco- 
nomical and environmental reasons [6]. The CuCl, 
assisted cleavage of the carbon—palladium bond by 
molecular oxygen in a Waker-type oxidation reaction 
has been extensively studied [7]. We wondered if oxida- 
tive cleavage of the carbon—palladium bond by molecu- 
lar oxygen in the presence of a nucleophile would take 
place in our cyclization reaction. Should this be possi- 
ble, the a-alkylidene-y-butyrolactone derivatives could 
be synthesized from acyclic precursors in a very simple 
manner. In this paper, we wish to report our recent 
results on the molecular oxygen promoted palladium(II) 
and cupric salt catalyzed cyclization of 2’-alkenyl 2-al- 
kynoates in the presence of lithium halide. 
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Table 1 
Cyclization of allyl 2-alkynoates (1) under oxygen 


yy 


1;R LixX 
(equiv.) 


5 mol% Pd(OAc), 
HOAc, O, (1 atm) 
LiX, additive 
(2-2) (E-2) 
Additive Isolated yield (%) 
(equiv.) 72 E2 


40.5 (Z-2a) - 

64.0 (Z-2a) 3 (E-2a) 
38.0 (Z-2a) 3 (E-2a) 
73.0 (Z-2a) 6 (E-2a) 
83.0 (Z-2a) 8 (E-2a) 
68.0 (Z-2b) 14.5 (E-2b) 
61.0 (Z-2b) 12.5 (E-2b) 
68.0 (Z-2c) 12.0 (E-2¢) 
71.5 (Z-2e) 7.0 (E-2e) 
80.5 (Z-2'c) 14.5 (E-2’c) 
70.0 (Z-2'a) 6.5 (E-2'a) 





m 
= 
2 





3 





Me (la) 
Me (la) 
Me (la) 
Me (la) 
Me (la) 
i-C,H,,(1b) 
i-C,H,.(1b) 
"Pr (Ic) 
"Pr (1c) 
"Pr (1c) 
Me (la) 


LiCK(3) 
LiCK(S) 
LiCK(S) 
LiCK(S) 
LiCK(S) 
LiCK(6) 
LiCK(6) 
LiCK(6) 
LiCK(10) 
LiBr(8) 
LiBr(8) 


CuCK(0.4) 
CuCK(0.4) 
CuCl ,(0.4) 
Cu(OAc),(0.4) 
Cu(OAc),(0.4) 
CuCl ,(0.4) 
Cu(OAc),(0.4) 
Cu(OAc),(0.4) 
Cu(OAc),(0.4) 
Cu(OAc),(0.4) 


wn 
vs 


Comnauvs 





* PdCl,(PhCN), as the catalyst. 
» Reaction using ultrasonic means (100 W). 


L 
I 
Fa 


2. Results and discussion 


2.1. Cyclization of allyl 2-alkynoates (1) promoted by 
molecular oxygen 


We first tried the PdCl,(PhCN),-catalyzed reaction 
of allyl 2-butynoate (la) under O, in HOAc. The 
reaction afforded a-chloromethylene-8-chloromethy!- 
y-butyrolactone (2a) with Z-selectivity in the exocyclic 
double bond, which was similar to the result found in 
the reaction of allyl 2-butynoate with a stoichiometric 


R! R2 R! - 
J fs x R2 
oO 


L = leaving group (halide, OAc, OH etc.) 


(1) 


amount of CuCl, [Sf]. When a catalytic amount of 
co-oxidant, e.g. CuCl, CuCl,, etc. was added, the cy- 
clization reaction occurred with improved yield. Finally, 
the cyclization reaction in HOAc catalyzed by Pd(OAc), 
(0.05 equiv.) and Cu(OAc), (0.4 equiv.) in the presence 
of LiCl (S equiv.) gave the best results (Table 1). 

Using the similar catalytic system, the cyclization of 
other allyl 3-substituted 2-alkynoates also proceeded 
smoothly under oxygen at room temperature (entries 
6-9, Table 1). 

When lithium bromide was used as the nucleophile 








R2= 
cadaive daa 
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Table 2 
Oxygen-mediated cyclization of allyl "eae (3)* 


x 
f POAC), (5 mol%) (5 mol%) ,H 
+ Lix 
“CaOAc),-HOAc oO ‘Oo 
Oo oO wlOAc), -HOAc oO oO O 
3 


0, (1 atm) 
Entry  LixX 
no. (equiv.) 





Cu(OAc), _ Isolated yield (%) 
(equiv.) 5 


LiCK6) 0 

LiCK6) 04 

LiCK2) * 

LiBr6) 0.4 37° 53.5:46.5 


* All reaction were carried out at 40°C. ° Isolated ratio. 

© CuCl, (5 equiv.) was used in the reaction. * Brominated y-butyro- 
lactone product 4’. 

* Brominated 5-valerolactone product 5’. 





(4/5)° 








instead of lithium chloride, the oxygen-promoted cy- 
clization also took place with the same catalytic system 
affording brominated a-alkylidene-y-butyrolactone 
derivatives (entries 10, 11, Table 1). 


2.2. Cyclization of allyl propynoate (3) — stereochem- 
istry of halopalladation of terminal carbon-carbon 
triple bonds 


We found that halopalladation of the carbon—carbon 
triple bond of propynoates exhibited a different stereo- 
chemical behaviour in the two catalytic systems {Eq. (1) 
[Sb] and Eq. (2) [Sf}}. 

In the first reaction, trans-halopalladation of the 
carbon—carbon triple bond occurred to afford a Z-exo- 


cyclic double bond in the lactone product [Sb], while 
cis-halopalladation of the carbon-carbon triple bond 
affording an E-exocyclic double bond was found in the 
second reaction [Sf]. The only difference is that in the 
second reaction, CuCl, was used as the oxidant in the 
oxidative cleavage of the carbon—palladium bond [Eq. 
(2)]. It is suggested that the cupric salt may play an 
important role in the halopalladation step in the second 
reaction. To demonstrate the role of the Cu" salt, the 
palladium acetate-catalyzed reaction of allyl propynoate 
(3) with LiCl in HOAc under oxygen was carried out in 
the absence of CuCl, (entry 1, Table 2). We found that 
the exocyclic double bond of the isolated y-butyrolac- 
tone product was still in the E form, implying that 
halopalladation still occurred in a cis manner under the 
oxygen even in the absence of a cupric salt. It is 
possible that the oxidant caused the halopalladation to 
occur in a different way. In this reaction, besides the 
five-membered y-butyrolactone product 4, a six-mem- 
bered 65-valerolactone (5) was also obtained in 14% 
yield; this was not found in the reaction using 5 equiv. 
of CuCl, (entry 3, Table 2). Also, the cyclization of 
allyl 2-propynoate could be improved by a catalytic 
amount of Cu(OAc), (entry 2, Table 2). 

The reaction of 3 with LiBr under oxygen in the 
absence of CuCl, yielded a brominated acyclic product 
6 rather than the expected cyclic product [Eq. (3)]. It is 
possible that the bromide ion is easily oxidized in the 
reaction system to give molecular bromine, which added 
readily to the carbon—carbon triple bond. 

In the presence of a catalytic amount of Cu(OAc),, 
the palladium-catalyzed cyclization reaction of 3 with 


xX 
AS “ite 1 mg 
(2) 


Table 3 
Oxygen-mediated cyclization of I'-substituted allylic 2-alkynoates 


P&(OAc), (5 mol%) 





LiCl (6 equiv .)-HOAc 


pea 


Cul(OAc)(0.4 equiv .)-O, (1 atm) 


R R 
+ 
-" Vw. rT = = 


(cis-8) ( trans-8) 





cis-8 /trans-8 * 





No. 
1 
2 


CsH), 
CsH), 
‘Pr 


Entry R 
3 


(> 97:3) 
(> 97:3) 
(< 3:97) 


cis-8a /trans-8a ° 
(4S,5S)-Ba /(4R,5S)-Ba ” 
cis-8b /trans-8b “ 





* Determined by 300 MHz 'H NMR spectroscopy. ° Z-Exocyclic double bond. 


* E-Exocyclic double bond. 
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ae Oe 


LiBr under oxygen also occurred smoothly, affording 
two cyclic products 4’ and 5’ in reasonable yield with 
good stereoselectivity (entry 4, Table 2). 


si sin cl 
re) — 1 atm) 


3 


2.3. 1,2-Stereoinduction of intramolecular carbon- 
carbon double-bond insertion in the oxygen-mediated 
cyclization reaction 


Our recent research has revealed that the Pd''-cata- 
lyzed reaction of I’-alkyl 3-unsubstituted 2-propynoates 
with CuCl,/LiCl gave trans selectivity for the B,7- 
substituents in the lactones, while 1’-alkyl 3-substituted 
2-alkynoates afforded cis selectivity for the B,y-sub- 
stituents in the lactones [5f,8]. 

The reaction under oxygen showed a similar stereo- 
chemistry. For the allylic 3-substituted 2-alkynoate, only 
cis-B , y-disubstituted-a-(Z )-alkylidene- y-butyrolactone 
was obtained (entry 1, Table 3). Starting from a ho- 
mochiral substrate, an enantiomerically pure B,y-sub- 
stituted-a-alkylidene-y-butyrolactone could be obtained 
(entry 2, Table 3). However, cyclization of I- 
isopropyl-allyl propynoate only gave the trans product 
(relative to the B,ysubstituents) with an E-exocyclic 
double bond (entry 3, Table 3). Such stereochemistry 


Ph 


indicates that the substituent R in substrate 7 plays an 
important role, not only in the stereochemistry of 
halopalladation of the carbon—carbon triple bond but 
also in the diastereoselectivity of the intramolecular 
carbon—carbon double-bond insertion reaction. The 
stereochemical results arising from the cyclization reac- 
tion may be rationalized on the basis of steric /confor- 
mational effects in the transition state for intramolecular 
carbon-carbon double-bond insertion, as proposed in 
our previous paper [Sf]. 


2.4. Stereochemistry of oxidative cleavage of the car- 
bon—palladium bond under oxygen 


Oxidative cleavage of the carbon—palladium o-bond 
takes place in a number of palladium-catalyzed oxida- 
tion reactions in the presence of nucleophiles [9]. The 
oxidizing agent usually weakens the palladium—carbon 
bonds, so that the palladium is converted into a good 
leaving group [10]. Although oxidative cleavage of car- 
bon—palladium bonds has been studied extensively, the 
detailed mechanisms of these reactions are still unclear. 
Recently, we established the cleavage of carbon—pal- 
ladium bonds by cupric chloride with predominant re- 
tention of configuration at the carbon atom [11], which 
is different from results reported in the literature [9,12]. 

The palladium-catalyzed cyclization of the 2- 
butynoate E-9 with LiCl under oxygen in the presence 
of 0.4 equiv. of Cu(OAc), afforded the cyclic product 
10 selectively [Eq. (4)]; for the Z-substrate Z-9, the 
cyclization reaction afforded 10’ as the major product 


Pd(OAc)}¢Smol%) 
+ LiCK6eq)~ Cu(OAc),(0.4eq) 
HOAc-O( laum) 


53.5% 





Pd(OAc)4Smol%) C 
. "t Lick6eq) Cu(OAc)(0.4eq) 


HOAc-O,latm) 


7.5% (5) 
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~ 


ll 4 Cu(OAc),(0.4eq) 
p + LiCl ~Ba(OAc)ASmol%) 


HOAc-O( latm) 





™~S 
ll 4 CuCh(Seq) 
| * LiCl 2 00.+55C7, PhCN)ASmol%e) 
= MeCN-O( lau) 


[Eq. (5)]. The structure of the products was determined 
by comparing the spectral data with those for the au- 
thentic compounds. This result indicates that oxidative 
cleavage of the carbon—palladium bond under oxygen 
also occurs with predominant retention of the configura- 
tion at the carbon atom [11]. 


2.5. Cyclization of 2,4-hexadienyl propynoate 


In the cyclization reactions discussed so far, a o- 
carbon—palladium bond is formed through intramolecu- 
lar carbon—carbon double-bond insertion into the 
vinyl—palladium bond. If a conjugated dienyl propy- 
noate is used, a 7r-allyl palladium intermediate could be 
formed which could also be quenched by a nucleophile 
in the presence of an oxidant [Eq. (6)]. 

We first tried the palladium-catalyzed reaction of 
2,4-hexadienyl propynoate with LiCl under oxygen in 
HOAc. Reaction occurred to afford a mixture of cyclic 


diasteromers. With product 12, we found the allyl—pal- 
ladium species could be quenched by OAc, possibly 
derived from the solvent [Eq. (7)]. When the reaction 
was carried out in MeCN, the chlorinated cyclization 
product 13 was obtained [Eq. (8)]. However, the stere- 
oselectivity of this reaction was poor with a mixture of 
isomers being obtained. 

Reaction of 2,3-butadienyl propynoate with LiC! cat- 


alyzed by palladium(II) and the cupric salt under oxy- 
gen led to no cyclic product being isolated. 


2.6. Mechanism 


A possible mechanism for this palladium-catalyzed 
cyclization is given in Scheme 2. Halopalladation of the 
carbon—carbon triple bond in the presence of the oxi- 
dant and LiCl (cis addition for R = H and trans addi- 
tion for R = alkyl) would produce a vinyl—palladium 
species which can be inserted intramolecularly by a 
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carbon—carbon double bond. The latter reaction would 
yield a cyclic intermediate containing a o-carbon—pal- 
ladium bond which may then be further oxidatively 
cleaved directly by oxygen in the presence of a catalytic 
amount of cupric salt to generate Pd" catalytic species 
and afford the cyclic product. Here, the role of the 
oxidant is not limited to re-oxidation of the low-valent 
palladium species, but it may also labilize the palla- 
dium—carbon bond in such a way that palladium is 
converted into a good leaving group. As a result, nucle- 
ophilic substitution of the metal may take place readily. 
The second catalytic circle involving oxidation of Cu' 
to Cu" by oxygen then takes place to complete the 
cycle. 

In summary, we have studied the chemical behavior 
of the molecular oxygen mediated oxidative cleavage of 
the carbon—palladium bond and the stereochemistry of 
the reaction in detail. The present method provides a 
facile catalytic system capable of synthesizing function- 
alized a-alkylidene-y-butyrolactone derivatives from 
readily available acyclic allylic 2-alkynoates, thus 
avoiding the use of a large excess of cupric salt. Due to 
its simplicity, both in terms of the starting materials and 
the reaction conditions, the present reaction could be of 
utility in organic synthesis, especially in large-scale 
reactions. 


3. Experimental details 


The starting allylic 2-alkynoates were synthesized 
according to the reported procedure [5,13]. Analytical 
samples were further purified by Kugelrohr distillation 
using the stated oven temperatures (ot). 


3.1. General procedure for oxygen-mediated palladium- 
catalyzed cyclization of allylic 2-alkynoates 


Under an oxygen atmosphere, Pd(OAc), (11 mg, 
0.05 mmol) was added to a solution of allylic 2-al- 
kynoate (1 mmol), Cu(OAc), (75 mg, 0.4 mmol) and 
lithium halide (6 mmol) in HOAc (5S ml), and the 
reaction was monitored by TLC (eluent: petroleum 
ether /ethyl acetate = 10:3). After reaction was com- 
plete, ethyl acetate (60 ml) was added and the mixture 
washed with water (3x5 ml) and dried (MgSO,). 
Preparative TLC on silica gel (eluent: petroleum 
ether/ethyl acetate = 10:2) afforded the pure cyclic 
product. The results obtained are described in the text. 
The spectral and analytical data for compounds Z-2a, 
E-2a, Z-2a, E—2a, 4 and 4 have been reported 
previously [5,10]. 

a-( E )-(1'-Chloro-6'-methylheptylidene)-B-chloro- 
methyl-y-butyrolactone (E-2b): Oil. 'H NMR (300 
MHz, CDCI,) 5: 4.43—4.33 (m, 2H); 3.82-3.77 (m, 
1H); 3.66—3.60 (m, 2H); 3.19—3.12 (m, 1H); 3.09—3.02 


(m, 1H); 1.64—1.51 (m, 3H); 1.39-1.18 (m, 4H); 0.89 
~ 0.85 (m, 6H) ppm. MS m/e: 282 (7.22); 281 (48.90); 
280 (13.07); 279 (79.69); 277 (5.38); 245 (33.82, M 
—%C}); 243 (100.00, M—Cl); 209 (30.96); 207 
(52.36); 193 (37.85); 175 (12.48); 173 (19.68); 160 
(28.39); 151 (12.62); 149 (11.58); 147 (25.25); 145 
(31.02); 99 (7.93). IR (neatXhicm™'): 2950; 1765; 1680; 
1470; 1380; 1230; 1080; 800; 740; 690. HRMS for 
C,,H.,0,Cl,: calc: 278.0840; found: 278.0851. 

a-(Z )-(1'-Chloro-6'-methylheptylidene)-8-chloro- 
methyl-y-butyrolactone (Z-2b): Oil. 'H NMR (300 
MHz, CDCI,) 8: 4.93 (dd, J = 0.69 Hz, J = 9.73 Hz, 
1H); 4.27 (m, 1H); 3.54 (m, 3H); 2.53 (m, 2H); 1.75- 
1.54 (m, 3H); 1.40-1.26 (m, 2H); 1.24-1.18 (m, 2H); 
0.90-0.87 (m, 6H) ppm. MS m/e: 281 (0.47); 209 
(1.91); 207 (2.64); 1.75 (1.96); 173 (1.05); 151 (1.16); 
149 (1.05); 121 (1.21) 119 (1.11); 58 (27.26); 43 
(100.00). IR (neathicm™~'): 2960; 2765; 1645; 1470; 
1380; 1230; 1140; 1000; 750. Analysis: Calc. for 
C,,H,0,C1,:C, 55.92; H, 7.22%. Found: C, 55.90; H, 
7.04%. 

a-( E )-(1'-Chlorobutylidene)-8-chloromethyl- y- 
butyrolactone ( £-2e): Oil. 'H NMR (300 MHz, CDC1,) 
5: 4.44—-4.36 (m, 2H); 3.82-3.80 (m, 1H); 3.66-3.62 
(m, 2H); 3.18-3.11 (m, 1H); 3.07-3.00 (m, 1H); 1.72- 
1.64 (m, 2H); 0.96 (t, J = 7.37 Hz, 3H) ppm. MS m/e: 
227 (10.32); 226 [M*(2 x*’C)), 8.13]; 225 (61.92); 224 
(M*("Cl, Cl), 21.72]; 223 (100.00); 222 [M*(2 x 
Cl), 19.36); 189 [M*(@’CI) — Cl, 5.77]; 187 
[M*(’Cl) — Cf, 16.20); 175 [M*(’Cl) — CH,Cl, 
17.86); 173 [M*(*Cl) — CH,Cl, 53.52]; 147 (1.72); 
145 (4.63); 137 (18.13); 109 (17.54); 93 (21.49); 91 
(36.08). IR (neatXicm~'): 2980; 1760; 1660; 1440; 1380; 
1230; 1070; 800; 740. HRMS: Calc. for C,H,,0,C1,: 
224.01849 (cl, *Cl); 222.0214 (2x*Cl). Found: 
224.0153 (°"Cl, *Cl); 222.0177 (2 x * cl). 

a-(Z )-(1'-Chlorobutylidene)-8-chloromethy|-y- 
butyrolactone (Z— 2c): Oil. 'H NMR (300 MHz, 
CDCI,) 8: 4.39 (dd, J, = 0.72 Hz, J, = 9.83 Hz, 2H); 
4.31-4.26 (m, 1H); 3.60-3.52 (m, 3H); 2.52 (dt, J, = 
1.92 Hz, J, = 7.67 Hz, 2H); 1.78 (hexa, J = 7.64 Hz, 
2H); 1.01 (t, J = 7.41 Hz, 3H) ppm. MS m/e: 227 
(5.10); 226 [M*(2x*Cl), 4.74]; 225 (31.51); 224 
[M*(°7Cl, *C1), 15.07]; 223 (49.75); 222 [M*(2 x °C), 
16.03]; 209 (4.58); 207 (7.61); 189 [M*(?’C)) — Cl, 
4.55]; 187 [M*(*’C)) — Cl, 13.37}; 175 [M*("C) - 
CH,Cl, 33.41]; 173 [M*(°Cl) — CH,Cl, 100.00); 147 
(2.70); 145 (75.7); 137 (24.30); 109 (33.97); 93 (44.56); 
91 (63.91). IR (neathcm™'): 2980; 2880; 1765; 1645; 
1460; 1380; 1240; 1215; 1140; 910; 750. HRMS: Calc. 
for C,H,,0,Cl,: 226.01553 (2 x*’Cl); 224.01849 
(cl, *Cl); 222.02143 (2x*C)). Found: 226.0131 
(2 x°’Cl); 224.0186 (°7Cl, *Cl); 222.0257 (2 x * cl). 

a-( E )-(1'-Bromobutylidene)-8-bromomethy|- y- 
butyrolactone (E —2’c): Oil. 'H NMR (300 MHz, 
CDCI,) &: 4.44 (m, 2H); 3.71-3.59 (m, 1H); 3.48 (t, 
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J =9.61 Hz, 1H); 3.33—3.26 (m, 1H); 3.19-3.13 (m, 
1H); 1.66 (hexa, J = 7.37 Hz, 2H); 0.96 (t, J = 7.28 
Hz, 3H) ppm. MS m/e: 315 [M*(2 x Br) + 1, 32.73]; 
314 [M*(2x™ Br), 7.83); 313 [M*(™Br, “Br +1, 
68.33]; 312 [M*(2 x ™ Br), 6.14]; 311 [M*(2 x ” Br) + 
1, 36.37]; 310 [M*(2 x ” Br), 1.64]; 233 [M*(™ Br) — 
Br, 97.91}; 231 [M*(’’Br) — Br, 100.00]; 219 
[M*(® Br) — CH,Br, 5.29]; 217 [M*(” Br) — CH, Br, 
2.08]; 203 (4.75); 201 (8.04); 199 (4.65); 177 (9.51); 
175 (12.38); 137 (13.64); 135 (13.24); 107 (16.34); 105 
(13.19); 79 (21.63). IR (neathicm~' ): 2960; 2880; 1760; 
1645; 1460; 1435; 1380; 1220; 1140; 1060; 780. HRMS: 
Cale. for CyH, 0, Br,: 311.9183 [M*(”Br, “ Br) — 1); 
309.9204 [M*(”Br, ™Br)— 1]. Found: 311.9136 
(M*(” Br, “ Br) — 1}; 309.9271 [M*( Br, “ Br) — 1]. 

a-(Z )-(1'-Bromobutylidene)-B-bromomethy|-y- 
butyrolactone (Z—2'c): Oil. 'H NMR (300 MHz, 
CDCI,) 5: 4.35 (dd, J, = 1.11 Hz, J, = 9.96 Hz, 1H); 
4.26 (dd, J, = 6.24 Hz, J, = 9.40 Hz, 1H); 3.60-3.55 
(m, 1H); 3.44—-3.31 (m, 2H); 2.63 (dt, J, = 1.85 Hz, 
J, = 7.77 Hz, 2H); 1.84—-1.69 (m, 2H); 0.99 (t, J = 7.42 
Hz, 3H) ppm. MS m/e: 315 [M*(2 x Br) + 1, 17.20}; 
314 [M*(2x™ Br); 4.21}; 313 [M*(™Br, “Br) +1, 
35.85]; 312 [M*(2 x ” Br), 3.20); 311 [M*(2 x Br) + 
1, 18.25]; 233 [M*(™ Br) — Br, 94.55]; 231 [M*(” Br) 
— Br, 100.00}; 219 [M*(™Br) — CH,Br, 3.14]; 217 
[M*(Br) — CH, Br, 3.40}; 203 (3.39); 201 (3.19); 175 
(2.40); 173 (6.03); 137 (6.05); 135 (1.74); 109 (14.28); 
107 (22.66); 105 (19.82). IR (neatXicm™~'): 2960; 2880; 
1760; 1640; 1460; 1430; 1375; 1235; 1210; 1130; 770; 
740. Analysis: Calc. for C,H,,O,Br,: C, 34.64; H, 
3.88%. Found: C, 34.68; H, 3.84%. 

a-( E)-(1'-Chloromethylene)- y-chloro-5-valerolactone 
(5): O01. 'H NMR (300 MHz, CDCI,) 8: 7.32 (t, 
J = 3.19 Hz, 1H); 4.87 (m, 1H); 3.73 (d, J = 4.5 Hz, 
2H); 3.15 (ddd, J, = 3.20 Hz, J, = 8.23 Hz, J, = 18.45 
Hz, 1H); 2.94 (ddd, J, = 3.09 Hz, J, = 4.81 Hz, J, = 
18.32 Hz, 1H) ppm; radiating at 5 4.87 ppm: 3.73 (s); 
3.15 (dd, J, = 3.10 Hz, J, = 18.8 Hz); 2.94 (dd, J, = 
3.13 Hz, J, = 18.5 Hz) ppm. MS m/e: 184 [M*(2 x 
C}), 0.70); 182 [M*(?’Cl, *C)), 3.71}; 180 [M*(2 x 
* Cy), 5.53]; 147 [M*(°"Cl) — Cl, 0.85]; 145 [M*(C)) 
—Cl, 2.27); 133 [M*("Cl)—CH,Cl, 32.36}; 131 
[M*(*Cl) — CH,Cl, 100.00}; 105 (11.27); 103 (34.23); 
87 (2.42); 75 (19.0); 63 (2.49). IR (neatXcm™~'): 3050; 
2920; 1760; 1600; 1425; 1340; 1300; 1190; 840. HRMS: 
Cale. for C,H,O,Cl,: 181.9715 (°C, *"Cl); 179.9714 
(2x*c)). Found: 181.9713 (Cl, *"C)); 179.9714 (2 
x * ci). 

a-( E)-(1'-Bromomethylene)- y-bromo-5-valerolac- 
tone (5’): Oil. 'H NMR (300 MHz, CDC1,) 5: 7.56 (t, 
J =3.17 Hz, 1H); 4.85 (m, 1H); 3.58 (m, 2H); 3.08 
(ddd, J, = 3.15 Hz, J, = 8.24 Hz, J, = 18.5 Hz, 1H); 
2.81 (ddd, J, = 3.20 Hz, J, = 4.88 Hz, J, = 18.51 Hz, 
1H) ppm. MS m/e: 272 [M*(2x™Br), 7.05]; 270 
[M*(™ Br, Br), 14.17]; 268 [M*(2 x Br), 7.35]; 191 


[M*(™ Br) — Br, 12.14]; 189 [M*(” Br) — Br, 12.80]; 
177 [M*(™Br) — CH,Br, 97.87]; 175 [M*(”Br) — 
CH,Br, 100.00]; 149 (24.94); 147 (27.14); 121 (14.51); 
119 (15.43); 109 (4.58). IR (neatXicm™~'): 3080; 2940; 
1765; 1650; 1430; 1285; 1185; 1020; 710. HRMS: Calc. 
for C,H,O,Br,: 269.8697 [M*(”Br, Br) — 1); 
267.8735 [M*( Br, ”Br)— 1]. Found: 269.8738 
[M*(” Br, “ Br) — 1]; 267.8721 [M*(’ Br, “ Br) — 1]. 

cis-B-Chloromethy]- y-pentyl-a-(Z )-( '-chloroethyl- 
idene)-y-butyrolactone (cis-8a): M.p. 57-58°C. ‘H 
NMR (300 MHz, CDCI,) 5: 4.37 (dt, J, = 9.86 Hz, 
J, = 4.93 Hz, 1H); 3.75 (dd, J, = 5.59 Hz, J, = 11.39 
Hz, 1H); 3.54—3.43 (m, 2H); 2.40 (s, 3H); 1.85—1.59 
(m, 4H); 1.43-1.34 (m, 4H); 0.91 (t, J = 6.64 Hz, 3H) 
ppm; radiating at 5 4.37 ppm: 3.50 (dd, J, = 6.60 Hz, 
J, = 11.10 Hz); 3.46 (t, J = 5.60 Hz) ppm. MS m/e: 
268 [(M*(2 x Cl), 1.02]; 266 [M*(C1, CI), 4.75]; 
264 [M*(2 x *Ci), 6.19]; 231 (2.14); 229 (2.77); 219 
(M*(2 x *"Cl) —- CO, - 1, 0.01}; 217 [M* (al, *c) 
— CO, — 1, 3.37}; 215 [M*(2 x °C) — CO, — 1, 8.83]; 
197 [(M*(2 x "Cl) — C.H,,, 3.48}; 195 [M*(""Cl, *c)) 
—C,H,,, 15.22]; 193 [M*(2 x °C) — C,H,,, 25.59}; 
167 (5.59); 165 (56.11); 163 (32.12); 133 (2.66); 131 
(51.26); 129 (100.00); 65 (41.67). IR (Nujol film) 
(cm~') 2900; 2840; 1740; 1660; 1470; 1160. Analysis: 
Calc. for C,,H,,C1,0,: C, 54.30; H, 6.84%. Found: C, 
54.32; H, 7.09%. 

(4S)-Chloromethyl-(5S)-pentyl-(2Z )-(1’-chloroethyl- 
idene)-y-butyrolactone (4S, 5S)-8a: Oil. [a]> = 
— 26.0° (c, 1.33; CHCI,). 

trans-B-Chloromethy]-y-isopropy!-a-( E )-(1'-chloro- 
methylene)--butyrolactone (trans-8b): Oil. 'H NMR 
(300 MHz, CDCI,) 5: 6.88 (d, J = 1.65 Hz, 1H); 4.16 
(dd, J, = 2.83 Hz, J, = 5.99 Hz, 1H); 3.59 (m, 2H); 
3.19 (m, 1H); 1.87 (m, 1H); 0.99 (d, J = 6.73 Hz, 6H) 
ppm. MS m/e: 227 [M*(2x"Cl) +1, 4.29]; 225 
[M*(°"Cl, °Cl) + 1, 25.19]; 223 [M*(2 x 
°Cl), 39.62]; 189 [M*(@’Cl) — Cl, 4.73]; 187 
[M*(*’"CD — Cl, 14.37]; 183 (10.61); 181 (62.62); 179 
(100.00); 153 (19.11); 151 (34.24); 145 (33.89); 143 
(99.76); 117 (20.54); 115 (63.63); 109 (1.97); 107 
(4.62); 89 (16.66); 87 (50.44). IR (neatXcm™'): 3050; 
2960; 2880; 1760; 1640; 1465; 1440; 1180; 1090; 1000; 
860. HRMS: Calc. for C,H,,0,Cl,: 224.01849 (Cl, 
Cj); 222.02143 (2x*Cl). Found: 224.0153 (’Cl, 
CJ); 222.0237 (2 x **C)). 

a-(Z)-(1'-Chloroethylidene)-B(S* )-[1"(R * )-chloro- 
benzyl]-y-butyrolactone (10) [Sf]: M.p. 119 ~ 121°C. 
'H NMR (600 MHz, CDCI,) 5: 7.45 ~ 7.20 (m, 5H); 
5.00 (d, J = 7.10 Hz, 1H); 4.23 (d, J = 9.70 Hz, 1H); 
4.15 (dd, J, = 7.10 Hz, J, =9.70 Hz, 1H); 3.75 (t, 
J=7.10 Hz, 1H); 2.31 (s, 3H) ppm. IR (Nujol 
filmXcm~'): 1760; 1650; 1240; 1140. MS m/e: 275 
(M*(2x"Cl) +1, 0.12}; 273 [M*(%cl, “Cl +1, 
0.25]; 271 [M*(2 x *Cl, 0.31]. 

a-(Z)-(1'-Chloroethylidene)-B(S * )-[1"(S * )-chloro- 
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benzyl]-y-butyrolactone (10’) [Sf]: M.p. 134 ~ 136°C. 
'H NMR (600 MHz, CDCI,) 5: 7.42 ~ 7.32 (m, 5H); 
4.88 (d, J = 8.76 Hz, 1H); 4.68 (d, J = 9.54 Hz, 1H); 
4.25 (dd, J, = 6.12 Hz, J, = 9.54 Hz, 1H); 3.56 (dd, 
J, = 6.12 Hz, J, = 8.76 Hz, 1H); 1.60 (s, 3H) ppm. IR 
(neatXicm~'): 2950; 1740; 1630; 1460; 1370. MS m/e: 
273 (M*(*Cl, *"Cl) + 1, 0.45]; 271 [M*(2 x *C)) + 1, 
0.87]; 127 ©@’CIPhCH*, 30.23); 125 (CIPhCH*, 
100.00). 

a-( E)-(1'-Chloromethylene)-8-(3'-chloro-1’-butenyl)- 
y-butyrolactone (13) [14]: Oil. 'H NMR (300 MHz, 
CDCI,) 5: 6.59 (d, J = 2.71 Hz); 6.56 (d, J = 2.69 Hz, 
1H); 5.90—5.83 (m, 1H); 5.66—5.40 (m, 1H); 4.58—4.30 
(m, 2H); 4.04—3.97 (m, 1H); 3.90-3.81 (m, 1H); 1.64- 
1.61 (m, 3H) ppm. MS m/e: 225 [M*(2 x Cl) +1, 
2.29]; 224 [M*(2 x Ch), 1.56]; 223 (12.62); 222 (3.22); 
221 (18.01); 220 (2.53); 194 (3.15); 192 (17.91); 190 
(29.00); 187 [M*(*’Cl) — Cl, 4.26}; 185 [M*(*C) — 
Cl, 6.74]; 178 (1.74); 176 (1.92); 157 [M*(?’C) - 
CHCICH,, 16.59]; 155 [M*(*°Cl) — CHCICH,, 40.55]; 
141 (12.61); 132 (27.70); 130 (5.11); 119 (22.43); 105 
(2.22); 91 (CH=CHCHCICH,, 100.00). IR 
(neatXhcm™') : 3050; 2980; 2900; 1770; 1640; 1480; 
1450; 1380; 1320; 1180; 1020; 970. 
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Abstract 


The synthesis, spectroscopic and structural characterization of new amido-fluorenyl ligand [{Me,CN(H)—Si(Me),CH,— 
C,,H,}Li(THF)] (1) is reported. The treatment of 1 with BuLi followed by the reaction with Group 4 metal chlorides led to crystalline, 
solvent free, metal complexes [{(m'-NCMe,)Si(Me),CH ,(m°-C,,H,)}MCI,] (where M = Ti (3), Zr (4) or Hf (5)) in good yield. The 


X-ray crystal structures of 4 and 5 are also reported. Both these compounds 


SS monomeric structures with relatively short M—N and 


M-Cl bonds. The M-N distances of 4 and 5 are 2.060(3) A and 2.065(3) A respectively. The metal ion is coordinated to the fluorene 
group in 7°-fashion. The X-ray data also indicate the presence of a relatively unstrained ligand backbone in these metal complexes. 


Keywords: Alkali metals; Group 4; Crystal structure; Amide; Metallocene 





1. Introduction 


The ansa-metallocene complexes of Group 4 metals 
are of importance in many areas including in catalytic 
alkene polymerizations and in the asymmetric induction 
[1-16]. Recently there has been increasing interest in 
the synthesis of ligands where one of the cyclopentadi- 
ene groups of ansa-metallocene has been replaced with 
groups such as amido or alkoxy donors [17-25]. The 
Group 3 and 4 metal complexes of these monocyclopen- 
tadiene-amido or -alkoxy ligands have also been found 
to act as catalysts for olefin polymerization reactions 
[17—19,21,26—30]. Furthermore, metal complexes of 
such amido-cyclopentadieny! ligands show higher Lewis 
acidity compared to the corresponding bis(cyclopenta- 
dienyl)metal complexes [19]. This increased elec- 
trophilicity of the metal center has been attributed largely 
to the reduction in the number of electrons donated to 
the metal center by the ligands [17,31]. In the absence 
of adequate steric protection, the metal complexes de- 
rived from these hybrid ansa-ligands often tend to form 
adducts with solvents, Lewis bases, alkali metal halides, 
or to form aggregates [17,21,25]. In certain instances, 
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this increased reactivity even leads to the formation of 
bis-ligand complex. For example, irrespective of the 
molar ratio, the reaction between [Me,CNSi(Me),- 
C,H,J|Li, and ZrCl, leads exclusively to 
[Me,CNSi(Me),C.H, ], Zr [24]. 

We have focused our attention on the synthesis of 
sterically demanding ansa-ligand systems containing 
fluorene [32]. In this paper, we describe the synthesis of 
an amido-fluoreny! ligand with a —Si(Me),CH ,— back- 
bone and its use in the synthesis of the dichloro metal 
complexes of Ti, Zr and Hf. Such systems could be 
expected to have relatively less strained ligand back- 
bone compared to systems with —CR,— or —SiR,-— 
(where R = alkyl or aryl group) bridges and should 
offer better protection to the central metal ion. 


2. Experimental details 


All operations were carried out under an atmosphere 
of purified nitrogen using either standard Schlenk tech- 
niques or in a Vacuum Atmospheres single station dry 
box equipped with a — 25°C refrigerator. Solvents were 
distilled from conventional drying agents and degassed 
twice prior to use [33]. Glassware was oven-dried at 
150°C overnight. The 'H and °C NMR spectra were 
recorded in C,D, at 25°C on a Bruker MSL-300 spec- 
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trometer ('H, 300.15 MHz; '’C, 75.47 MHz) or Nicolet 
NT-200 spectrometer ('H, 200.06 MHz; “°C, 50.31 
MHz), unless otherwise noted. Chemical shifts for 'H 
NMR spectra are relative to internal Me,Si or to resid- 
ual protium in the deuterated solvents (C,D,, 7.15. 
ppm). The "°C NMR spectra were run with H decou- 
pling and the chemical shifts are reported in ppm vs. 
Me,Si (C.D, at 128.0 ppm). Melting points were ob- 
tained on a Mel-Temp II apparatus and were not cor- 
rected. Elemental analyses were performed by Texas 
Analytical Laboratories, Inc., Houston, TX. 

Fluorene (C,,H,.), "BuLi (1.6 M solution in hex- 
anes), TiCl,, ZrCl, and HfCl, were obtained from 
Aldrich and used as received. TiCl,(THF), was pre- 
pared according to literature method [34]. The 
CICH ,Si(Me), N(H)CMe, was synthesized from 
Me,CNH, and CICH,Si(Me),Cl as described for the 
related species, purified by vacuum distillation and used 
immediately in the synthesis of # [35,36]. 


2.1. [{Me,CN(H)Si(Me),CH,-C,,H,}Li(THF)] (1) 


Fluorene (2.0 g, 12.0 mmol) in thf (20 ml) was 
cooled to 0°C and treated with "BuLi in hexane (7.5 ml 
of 1.6 M solution, 12.0 mmol) over a period of 15 min. 
The color of the solution became red immediately. The 
solution was then allowed to warm up to room tempera- 
ture and stirred for further 30 min. This mixture was 
added dropwise into CICH ,Si(Me), NC(H)CMe, (1.08 g, 
6.0 mmol, 20 ml) in THF (20 ml) at 0°C, allowed to 
warm up to room temperature and stirred overnight. All 
of the volatiles were removed under vacuum and the 
residue was extracted into toluene. The mixture was 
filtered and the toluene was removed from the filtrate to 
obtain a red solid. This red solid was rinsed several 
times with hexane and dried under vacuum to obtain 1 
in 67% yield. The product was recrystallized from 
toluene—hexane at — 25°C. m.p. 105-108°C. 'H 5= 
0.22 (s, 6H, SiMe), 0.67 (s, 9H, 'Bu), 1.01 (m, 4H, 
THF), 2.48 (m, 4H, THF), 2.62 (s, 2H, CH), 7.08-8.37 
(m, 8H, C,,H,); “C{'H} 5=2.72 (SiMe), 14.87 
(SiCH ,), 25.08 (THF), 32.93 (‘Bu), 50.24 (‘Bu), 67.53 
(THF), 85.06, 111.78, 115.57, 119.41, 120.83, 121.77, 
130.73 (C,,H,). Anal. Calc. for C,,H,,NOSiLi: C, 
74.38; H, 8.84; N, 3.61. Found: C, 74.32; H, 8.81; N, 
3.58. 


2.2. [{(n'-NCMe,)Si(Me),CH,(n°-C,;H,)} TiCl,] (3) 


A solution of 1 (0.50 g, 1.29 mmol) in toluene (20 
ml) was treated with "BuLi in hexane (0.8 ml of 1.6 M 
solution, 1.29 mmol) at 0°C and allowed to stir for 10 
min. After 30 min stirring at room temperature, this 
mixture was added dropwise to TiCl,(THF), (0.45 g, 
1.34 mmol) in toluene (15 ml) over a period of 15 min 
at — 78°C. The color of the mixture changed from red 


to dark green. The solution was allowed to warm up to 
room temperature and stirred overnight. The resulting 
mixture was filtered and the filtrate was concentrated to 
ca. 5 ml. Hexane was added and the solution was cooled 
to —25°C to obtain a dark green microcrystalline pre- 
cipitate. A second crop of crystals were obtained from 
the concentrated filtrate. Yield 0.34 g (63%), m.p. 
205-210°C. 'H 5=0.40 (s, 6H, SiMe), 1.28 (s, 9H, 
‘Bu), 2.61 (s, 2H, CH,), 7.16-7.60 (m, 8H, C,,H,); 
'°C{'H} 5 = 7.07 (SiMe), 17.46 (SiCH,,), 33.00 (‘Bu), 
63.40 (‘Bu), 116.70, 119.55, 124.26, 125.33, 129.15 
(C,,H,). Anal. Calc. for C,)>H,,Cl, NSiTi: C, 56.35; H, 
5.91; N, 3.29. Found: C, 56.13; H, 5.97; N, 3.29. 


2.3. [{(n'-NCMe,)Si(Me),CH,(n°-C,,H,)}ZrCl,] (4 


A solution of 1 (0.50 g, 1.29 mmol) in diethyl ether 
(20 ml) was treated with “BuLi in hexane (0.8 ml of 1.6 
M solution, 1.29 mmol) at 0°C. After 5 min, the solu- 
tion was allowed to warm up to room temperature and 
stirred for further 30 min. The reaction mixture was 
then added dropwise to ZrCl, (0.30 g, 1.29 mmol) in 
Et,O (15 ml) at —78°C. The color of the solution 
changed from red to brown. The reaction system was 
allowed to warm up to room temperature and stirred 
overnight. The volatiles were removed under reduced 
pressure. The resulting solid was taken up in toluene, 
the solution was filtered and the filtrate was concen- 
trated. Addition of hexane followed by cooling to 
— 25°C afforded dark yellow crystals of 4 in 75% yield. 
m.p. 245-248°C. 'H 6=0.40 (s, 6H, SiMe), 1.26 (s, 
9H, 'Bu), 2.43 (s, 2H, CH,), 7.14—7.75 (m, 8H, C,,H,); 
'SC('H} 6 = 7.51 (SiMe), 15.01 (SiCH,), 32.91 (‘Bu), 
56.69 (‘Bu), 103.32, 120.09, 121.41, 125.10, 125.64, 
129.09 (C,,H,). Anal. Calc. for C,,H,<Cl,NSiZr: C, 
51.15; H, 5.37; N, 2.98. Found: C, 51.09; H, 5.31; N, 
2.82. 


2.4. [{(n'-NCMe,)Si(Me),CH,(n°-C,,H,)} HfCl,] (5) 


A solution of 1 (0.50 g, 1.29 mmol) in diethyl ether 
(20 ml) was treated with "BuLi in hexane (0.8 ml of 1.6 
M solution, 1.29 mmol) at 0°C. After 5 min, the solu- 
tion was allowed to warm up to room temperature and 
stirred for further 30 min. The reaction mixture was 
then added dropwise to an Et,O (15 ml) solution of 
HfCl, (0.41 g, 1.29 mmol) at — 78°C. The color of the 
solution changed from red to brown. The resulting 
mixture was then stirred overnight at room temperature. 
The volatiles were removed under reduced pressure. 
The resulting solid was taken up in toluene, the solution 
was filtered and the filtrate was concentrated. Addition 
of hexane followed by cooling to — 25°C afforded dark 
yellow crystals of 5 in 81% yield. m.p. 225—228°C. 'H 
5 = 0.42 (s, 6H, SiMe), 1.25 (s, 9H, Bu), 2.47 (s, 2H, 
CH,), 7.12-7.75 (m, 8H, C,,H,); °C('H} 5= 7.96 
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(SiMe), 14.61 (SiCH,,), 33.63 ("Bu), 55.95 ("Bu), 97.82, 
118.78, 121.13, 124.58, 125.47, 128.96 (C,,H,). Anal. 
Cale. for Cs)H_,.Cl, NSiHf: C, 43.13; H, 4.52; N, 2.52. 
Found: C, 43.04; H, 4.67; N, 2.40. 


2.5. X-ray structure determination of 1 


X-ray quality crystals of 1 were obtained by slow 
crystallization from toluene—hexane at — 25°C. A suit- 
able crystal was selected and mounted under nitrogen in 
a Lindemann capillary on a goniometer head and trans- 
ferred to the goniostat of an Enraf-Nonius CAD 4 
diffractometer. The unit cell parameters were deter- 
mined by least-squares refinement of 25 reflections. 
Data were collected at room temperature. Three stand- 
ard reflections were measured at every 3600 s of expo- 
sure time to check for crystal ‘deterioration and/or 
misalignment. No significant deterioration in intensity 
was observed. Data were corrected for Lorentz and 
polarization effects, but not for absorption. The struc- 
ture was solved by direct methods (SHELX 86) [37]. 
Anisotropic refinement was carried out by full-matrix 
least-squares on F. All non-hydrogen atoms with the 
exception of the carbons in the 5-membered ring and Li 
were refined with anisotropic thermal parameters. The 
H on the nitrogen was located on the difference map, 
and the remaining hydrogen atoms were included in the 
model at calculated position (U(H) = 1.3 [U(C)]). Re- 
finement converged at R = 0.0546, Rw = 0.0526 (w = 
[0.04F? + (oF)*]~') [38]. Further details of the crystal 
structure are provided in the supplementary material. 


2.6. X-ray structure determination of 4 


Crystals of 4 were obtained by slow crystallization 
from toluene—hexane at — 25°C. A suitable crystal was 
selected and mounted under nitrogen in a Lindemann 
capillary on a goniometer head and transferred to the 
goniostat of an Enraf-Nonius CAD 4 diffractometer. 
The unit cell parameters were determined by least- 
squares refinement of 25 reflections. Data were col- 
lected at room temperature. Three standard reflections 
were measured at every 3600 s of exposure time to 
check for crystal deterioration and /or misalignment. No 
significant deterioration in intensity was observed. Data 
were corrected for Lorentz and polarization effects, and 
a Fourier absorption correction was applied. The struc- 
ture was solved by Patterson methods. Anisotropic re- 
finement was carried out by full-matrix least-squares for 
all the non-hydrogen atoms, and hydrogen atoms were 
included in the model at calculated position (U(H) = 1.3 
[U(C)])). Refinement on F converged at R = 0.0268, 
Rw = 0.0317 (w =[0.04F? +(oF)*)~') [38]. Further 
details of the crystal structure are available in the 
supplementary material. 


2.7. X-ray structure determination of 5 


Crystals of 5 were obtained by slow crystallization 
from toluene—hexane at — 25°C. The crystals were re- 
moved from the Schlenk tube under nitrogen and imme- 
diately covered with a layer of hydrocarbon oil. A 
suitable crystal was selected and attached to a glass 
fiber and immediately placed in the low temperature 
nitrogen stream of the Siemens P4 diffractometer with a 
LT-2A device [39]. The unit cell parameters were deter- 
mined by least-squares refinement of 50 reflections. 
Data were collected at — 80°C. Three standard reflec- 
tions were measured at every 97 data points to check for 
crystal deterioration and/or misalignment. No signifi- 
cant deterioration in intensity was observed. Data were 
corrected for Lorentz and polarization effects, and an 
empirical absorption correction was applied [40]. The 
structure was solved by direct methods. All the non-hy- 
drogen atoms were refined anisotropically. The hydro- 
gen atoms were included in the refinement at calculated 
position (U(H) = 1.2 [U(C)]). Refinement on F con- 
verged at R= 0.0212, Rw = 0.0212; [w =1/o07(F)]. 
All the software programs and the sources of scattering 
factors are contained in the SHELXTL PC (Version 4.2) 
software package provided by Siemens Analytical X-ray 
Instruments, Inc. [41]. Further details of the crystal 
structure are available in the supplementary material. 


3. Results and discussion 


The monolithium complex of the amido-fluoreny] 
ligand, [({Me,CN(H)Si(Me),CH,—C,,H,)Li(THF)] (1) 
was prepared in 67% yield by the treatment of 
Me,CN(H)SiMe,CH,Cl with two equivalents of fluo- 
renyllithium in THF (Scheme 1). This compound has 
been isolated as a red solid and characterized by 'H, °C 
NMR spectroscopy and elemental analysis. These data 
also show the presence of one molecule of THF for 
each Li atom in 1. The 'H NMR signals due to the THF 
appear as two multiplets around 1.01 and 2.48 ppm. 
This somewhat upfield shift may be due to the shielding 
effects of fluorenyl ring current [25]. Compound 1 could 
be stored under dry nitrogen (preferably at — 25°C) 
without any apparent decomposition. 

[(Me,CNSi(Me),CH,—C,,H,}JLi, 2 was prepared 
by the addition of one equivalent of "BuLi to 1 in 
toluene and used directly in the preparation of Group 4 
metal complexes (Scheme 1). The treatment of 2 with 
an equivalent of TiCl,(THF), at low temperature led to 
dark green, air and moisture sensitive crystals of [{(n'- 
NCMe,)Si(Me),CH ,(m°-C,,H,)}TiC],] (3). Com- 
pounds [{(m'-NCMe,)Si(Me),CH ,(°-C,,H,)}ZrCl, ] 
(4) and [{(m'-NCMe,)Si(Me),CH ,(°-C,,H, )}HfCI, ] 
(5) were prepared in Et,O by treating 2 with the 
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2 eg. C)sHgLi 
Me,CN(H)Si(Me)CH,C! a [{(MesCN(H)Si(Me)CH,-C, sH, }Li(th0)] 
. 13** 10 
- LiCl ! 


n-BuLi 








2Li* —_—_—_———————— 


- 2LiC1 


MCl,4 a (| ani 
— Si. 
at Ny *CHs 


re © 
H,C 


M =Ti (3), Zr (4), Hf (5) 


CH, 


Scheme 1. 


corresponding metal(IV) chloride, and isolated as dark 
yellow crystals in 75 and 81% yield respectively. 

Compounds 3-5 were characterized by elemental 
analysis and 'H and °C NMR spectroscopy. All three 
complexes show similar spectra with only minor differ- 
ences in the chemical shift values, suggesting closely 
related structures in solution. However, the H NMR 
chemical shift values of ‘Bu and fluorenyl hydrogens of 
3, 4 and 5 show significant differences when compared 
to the corresponding signals of 1. For example, the ‘Bu 
hydrogens of 4 appear about 0.6 ppm downfield from 
that of 1. The 'H NMR signals due to the fluoreny! 
hydrogens of 4 are spread over a relatively narrow 
region of about 0.6 ppm, whereas in 1, the spread is 
much wider (1.3 ppm). 

The NMR and elemental analysis data of 3-5 show 
no evidence for the presence of solvent molecules or 
LiCl coordinated to the metal center. It is notable that 
the related alkoxy-fluorenyl ZIV) complexes, {(7°- 
C,,;H,)CHR-—CHR-O}ZrCl,(THF), (6) (where CHR- 
CHR = cyclohexyl, cyclopentyl) have been isolated as 
bis-tetrahydrofuran adducts [21]. The attempted synthe- 
sis of THF free 6 using CH,Cl, has resulted in prod- 
ucts which contain one equivalent of LiCl or NaCl. The 
dimethylsilylene bridged amido-fluorenyl complex 
[{(m'-NCMe,)SiMe,(n°-C,,H,)}ZrCl,] (7) has been 
synthesized and characterized as its Et,0 or THF coor- 
dinated species [25]. The loss of coordinated solvent 
from this compound results in the formation of 
oligomeric or polymeric solids which are insoluble even 
in hot THF. In contrast, compounds 3—5 show excellent 
solubility in Et,0, THF, toluene or benzene. The rela- 
tively low coordination number in complexes 3, 4 or 5 
is probably an indication of increased crowding around 
the central metal ion. The increased bulk of the amido- 
fluorenyl ligand, [{(NCMe,)Si(Me),CH(C,,H,)}P~, 


may be due to a combination of effects of having a 
sterically demanding t-butylamido group and a relaxed 
ligand backbone. 


3.1. Structural descriptions 


Compound 1 crystallizes easily from toluene at 
— 20°C. The structure of 1 has been confirmed by X-ray 
crystallography. A summary of crystal data, selected 
bond lengths and angles and atomic positional parame- 
ters are listed in Tables 1, 2 and 3 respectively. 

Compound 1 adopts a monomeric structure (Fig. 1) 
in which the lithium atom is coordinated to the THF 
oxygen (Li—O distance of 1.85 (1) A), nitrogen (Li-N 
distance of 2.16(1) A) and to the fluorenyl group in a 
n’-fashion (Li-C distances of 2.28(1) and 2.31(1) A). 
The remaining Li—C(fluorenyl) distances are 2.62, 2.68 
and 2.87 A, and thus are not indicative of any interac- 
tion. The Li—O distance is relatively short, indicating a 
strong interaction between the two centers [42—44]. The 
amino nitrogen center is pyramidal as expected. 

The X-ray crystal structures of 4 and 5 have been 
determined to examine the structural effects of the 
dimethylsilylmethylene ligand backbone. The ORTEP 
diagrams of 4 and 5 are shown in Figs. 2 and 3 
respectively [45]. The Zr and the Hf compounds are 
essentially isostructural. The summary of crystal data 
for 4 and 5 are listed in Table 1, and selected bond 
lengths and angles and atomic parameters are listed in 
Tables 4 and 5. 

In 4, the Zr atom adopts a formal octahedral struc- 
ture, being coordinated in an 7°-fashion to the fluoreny! 
ring (Zr to C distances range from 2.430(S) to 2.587(4) 
A), the nitrogen and two chlorines [46,47]. The nitrogen 
atom adopts a planar geometry. The Zr—N bond dis- 
tance is 2.060 (3) A. This distance is slightly shorter 





H.V.R. Dias et al. / Journal of Organometallic Chemistry 508 (1996) 91-99 


Table 1 
Crystal data and summary of data collection and refinement 





Formula C.,H,, LiNOSi (1) 
fw 387.57 

Crystal color and habit scarlet blocks 
Cryst. dimensions (mm) 0.25 x 0.32 x 0.35 
Crystal system monoclinic 

Space group P2,/e 

a(A) 14.755(3) 

b(A) 11.494(2) 

c (A) 14.836(3) 

a (deg) 90 

B (deg) 110.52(1) 

y (deg) 90 

v (A’) 2356.4(7) 

Z 4 

Dee (g om™*) 1.092 

abs. coeff. (cm™~ ') 1.08 

F(000) 848 

Scan method 6-20 

Diffractometer Enraf-Nonius CAD4 
Radiation Mo Ka (A = 0.71073) 
Monochromator i 
T (K) 

26 range 

Scan rate (deg min~') 
Bckgd /scan time 

No. of reflections measd 
No. of indep rflns 

No. of obsd rflns 1563 [F > 60(F)] 
Weighting scheme w=(0.04Ff? +(oF))"' 
R, R, 0.0546, 0.0526 

Data : parameter ratio 7.0:1 


C49H»<Cl, NSiZr (4) 
469.64 

orange blocks 

0.50 X 0.62 x 0.68 
triclinic 

Pi 

8.634(1) 

9.69309) 

14.346(2) 

82.964(9) 

75.3001) 

65.29%9) 

1054.2) 

2 

1.478 

8.27 

480 

6-20 

Enraf-Nonius CAD4 
Mo Ka (A = 0.71073) 


2330 [F > 60(F)) 


w =[0.04F?2+(oF))]"' 


0.0268, 0.0317 
10.3:1 


C9H.>.Cl, NSiHf (5) 
556.91 

orange blocks 
0.26 x 0.30 x 0.40 
triclinic 

Pi 

8.667(2) 

9.7133) 

14.4634) 
82.62(2) 

75.0%1) 


Mo Ka (A = 0.71073) 
graphite 

193 

3.5° to 50.0° 


3578 | F > 40( F)] 
w=[o7(F)]"! 
0.0212, 0.0212*” 
14.3:1 





*R=XF,|-lFD/LIF,|.°R, =(Lw 1 F, 1-1 FP ow BP? 


than the Zr—N bond lengths observed for zirconocene 
complexes [(n°-C;H,),Zr(n'-NC,H,Me,),] (2.22(2) 
A), [(Me,Si(n*-C;H,XNPh)}, Zr] (2.137(2), 2.127(2) 
A), and [(n°-C,H,),Zr(ClXMe,CNSiMe, H)] (2.1393) 
A) [23,48,49]. In fact, the Zr—N distance of 4 is very 
similar to the corresponding bond lengths found in 
closely related compounds, [{(n'-NCMe,)SiMe,(n°- 
C,3H,)}Zr(CH,SiMe,),] (8) (2.061(2) A) and [{(n'- 
NCMe,)SiMe,(n°-C,,H,)}ZrCl,] (2.056(6) A) 
[25,50,51]. The Zr—Cl distances of 2.408(1) and 2.402(1) 


Table 2 
Selected bond distances (A) and bond angles (deg) for [{Me ,CN(H)- 
Si(Me),CH, -C,,H,)Li(THF)] (1) 


Si-N 1.748(4) Si-C(14) 
Si-C(15) 1.845(8) Si—C(16) 
O-Li 1.85(1) N-C(17) 1.495(6) 
N-Li 2.161)  Ol1)-C(14) 1.5108) 
C(1)-Li 2.281)  O(13)-Li 2.31(1) 


N-Si-—C(14) 101.3(2) N-Si-C(15) 110.103) 
N-Si-C(16) 115.73) C(14)-Si-C(Q15) —109.S(3) 
C(14)-Si-C(16) ~—-111.0(3) C(15)-Si-C(16) 108.94) 
Si-N-C(17) 127.%4) Si-N-Li 100.2(3) 
C(17)-N-Li 117.444) O(2)-C(1)-Li 86.%4) 
0(13)-C01)-Li 73.4(4) 0114)-C()-Li 106.2(4) 





1.864(7) 
1.8538) 





A in 4 are shorter than the average distance of 2.44 A 
observed for 16-electron complex [(n*°-C,H,),ZrCl,], 
and are much closer to the Zr—Ci(terminal) values in the 
formally 14-electron complex, [{(n°-C,Me,)ZrCl,},] 
(av. 2.38 A) [52,53]. For comparison, the Zr—Cl dis- 


Fig. 1. Computer generated drawing of 1. Hydrogen atoms omitted 
for clarity. 
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Table 3 
Atomic coordinates (x10*) for [{Me,CN(H)-Si(Me),CH, - 
C,;H,)Li(THF)) (1) 


Atom x y 


Si 6643(1) 
7751(3) 
76933) 
7325(3) 
6781(3) 
57904) 
54534) 
6102(4) 
7072(4) 
743%3) 
83903) 
9301(4) 








1453(2) 

— 2028(3) 
1053(4) 

— 306(4) 
— 1345) 
— 15736) 
— 2701(6) 
— 3638(6) 
— 3458(S) 
— 23205) 
— 1854(5) 
— 2385) 
10116(4) — 170716) 
10042(4) — 51066) 
91634) 40(5) 
8303(3) —61%4) 
6918(4) 912(5S) 
5591(4) 660(7) 
6365(6) 30306) 
7994(4) 1404(5) 
7195(5S) 1164(7) 
8877(5) 688(7) 
8275(6) 2667(7) 
6924(4) — 2722(6) 
724605) — 392% 6) 
8281(S) — 3922(7) 
8597(S) — 2705(7) 
77587) —77TH9) 





tance in 18-electron complex is much longer; e.g., the 


Zr-Cl in [{Me,C(n?-C,H,n*-C,,;H,)}Zr(m°- 
C,H s)Cl], is 2.560 (1) A [s4]. “The Si-N distance of 
1. 765(4) A in 4 is relatively long (e.g., 1.738(2) A for 
8). The short Zr—Cl and Zr—N bonds and the trigonal 
planar nitrogen center in 4 possibly indicate the effects 
of increased metal Lewis acidity due to the replacement 


Fig. 2. Computer generated drawing of 4. Hydrogen atoms omitted 
for clarity. 


Fig. 3. Computer generated drawing of 5. Hydrogen atoms omitted 
for clarity. 


of 6-electron n°-C,H; donor with the 4 (or 2) electron 
donor amido group [19,31]. 

The effects of having an extra -CH,— moiety in the 
backbone is clearly evident from the X-ray data. For 


Table 4 
Selected bond distances (A) and bond angles (deg) for [{n'- 
NCMe, )Si(Me),CH ,(7°-C,,H,))MC1,] (where M = Zr (4), Hf (5)) 
Compound 4 

Zr-CK(1) 2.408(1) 
Zr-N 2.06013) 
Zr-C(2) 2.515(4) 
Zr-C(8) 2.587(4) 
Si-N 1.765(4) 
Si-C(15) 1.867(6) 
N-C(17) 1.50346) 


CiK(1)—Zr-—CK2) 103.20(4) 
CK1)—Zr—C(1) 123.61(9) 
CK(1)-Zr-C(7) 85.2(1) 
CK1)-Zr-CU13) =: 139.25(9) 
CK2)-Zr-—C(1) 126.01(9) 
CK(2)-Zr-C(7) 110.02(7) 
CK(2)-Zr-C(13) 93.05(9) 
Zr-—C(1)—C(14) 117.4(3) 
C(1)-C(14)-Si 112.2(3) 


Compound 5 

Hf-Ci(1) 2.396(1) 
Hf-N 2.0653) 
Hf-C(2) 2.5075) 
Hf-C(8) 2.602(4) 
Si-N 1.778(4) 
Si-C(15) 1.878(S) 
N-C(17) 1.534(7) 


CiK(1)-Hf-ClK2) ~—:102.7(1) 
C\K(1)-Hf-C(1) 126.8(1) 
CK(1)—Hf-C(7) 85.6(1) 
Ci(1)—-Hf-CU13) =—-:139.8(1) 
CK(2)-—Hf-C(1) 123.801) 
CK(2)—Hf-C(7) 111.91) 
CK(2)—Hf-C(13) 91.711) 
Hf-C(1)-CU14) ~—s:116.6(3) 
CU)-C(14)-Si 112.1(4) 





Zr-CK(2) 
Zr-C(1) 
Zr-C(7) 
Zr-C(13) 
Si-C(14) 
Si-C(16) 
C(1)-C(114) 


CiK(1)-Zr-N 
CK(1)—Zr—C(2) 
Ci(1)—Zr—C(8) 
CK2)-Zr-N 
CK2)-Zr-C(2) 
CK(2)-Zr-C(8) 
Zr-N-Si 
N-Si-—C(14) 
Zr—-N-—C(17) 


2.402(1) 
2.435) 
2.5874) 
2.508(S) 
1.853(5) 
1.85%4) 
1.4935) 


109.001) 
91.6(1) 
110.84(9) 
110.47(9) 
138.97(8) 
85.31(8) 
122.8(2) 
104.3(2) 
118.2(2) 


Hf-—CK(2) 
Hf-C(1) 
Hf-C(7) 
Hf-C(13) 
Si-C(U4) 
Si-C(16) 
C(1)-C(14) 


C\K(1)—-Hf-N 
Ci(1)—Hf-—C(2) 
Ci(1)—Hf-C(8) 
Ci\(2)-—Hf-N 
CK2)—Hf-C(2) 
CK2)—Hf-—C(8) 
Hf-N-Si 
N-Si-C(14) 
Hf-N-—C(17) 


2.3901) 
2.4305) 
2.6075) 
2.521(5) 
1.891(5) 
1.88% 6) 
1.50%5) 


109.001) 

93.8(1) 
110.S(1) 
107.641) 
140.101) 

85.8(1) 
121.72) 
104.4(2) 
120.13) 
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example, a comparison of the X-ray structural data 
between 4 and 8 shows that the Zr-N—CMe, (118.2(2)°) 
and Zr—N-—Si (122.8(2)°) angles in 4 are significantly 
different from the corresponding values of 130.1(2)° 
and 103.1(1)° for 8. These data are indicative of a 


Table 5 
Atomic coordinates (x 10*) for [{(m'-NCMe,)Si(Me),CH ,(n°- 
C,,H,))MCI,] (where M = Zr (4), Hf (5) 


Atom x y z 
Compound 4 
Zr 1425.%4) 


CK(1) 2721) 
C2) 367X1) 
Si — 2778(1) 2074(1) 
N — 7564) 2194(3) 
cu) — 768(4) 74%4) 
cQ2) 205) 14534) 7383) 
C3) —63%5) 2928(4) 303) 
(4) 41%6) 294(4) — 4673) 
cs) 2148(5) 2287S) — 8363) 
(6) 2852(5) 8834) — 43103) 
C7) 179%4) 445(4) 37K3) 
(8) 21154) — 944(4) 9173) 
C9) 35745) — 23724) 8363) 
C10) 3445(6) — 35205) 1445(3) 
11) 19146) — 3334(4) 21503) 
(12) 4705) — 20074) 2253) 
013) 5175S) — 7104) 1620(3) 
cu4) — 2615) 1411(S) 2101(3) 
15) — 31556) 655(6) 4225(4) 
C116) — 47476) 3892(6) 3525(4) 
17) — 5915S) 30965) 391S(3) 
C18) — 1352(7) 478605) 3642(4) 
119) — 1518(6) 2822(6) 4936(3) 

1310(6) 2608(5) 3941(3) 








1108.1(4) 
2868(1) 
— 828(1) 


2133.7(3) 
1421(5) 
2831(8) 
32947) 
3192(2) 
1533) 


3588(1) 
13532) 
2308(1) 
5732(4) 
77702) 
577K5) 
449X%5) 
45506) 
3094(7) 
154%6) 
14176) 
2881(5) 
319X5) 
2112(6) 
2811(6) 
4575(6) 
56506) 
49765) 
7635(6) 
975X7) 
8135(8) 


3911(1) 
5825(1) 
2148(1) 
2812(4) 
29201) 
4254(4) 
5778(4) 
702605) 
837H5) 
8582(5) 
74185) 
5995(4) 
45714) 
4138(5) 
272K5) 
1688(5) 
2045(5) 
3548(4) 
3558(5) 2912(3) 
1085(6) 144% 4) 
43747) 774) 
5581(6) 1906(5) 10743) 
65247) 219%7) $2(3) 
63467) 206(6) 1344(4) 
3652(6) 2387(7) 1052(3) 


2886(1) 
217K%1) 
35761) 
1815(2) 
17011) 
3485(3) 
338X3) 
274H3) 
2832(3) 
3541(3) 
4161(3) 
4088(3) 
4642(3) 
54473) 
585X3) 
5488(3) 
47153) 
4282(3) 





Fig. 4. View of 5 perpendicular to the flourene ring plane. 


relatively unstrained ligand backbone in 4. The structure 
of 4 also shows that the ‘Bu group is directed more 
towards the open face of the metal complex, providing 
increased protection to the Zr center. 

The cell dimensions and the structural features of 
[{(m'-NCMe,)Si(Me),CH ,(°-C,,H, JHfCI,] (5) are 
very similar to those of the zirconium analog, 4. Such 
close similarities between the zirconium and hafnium 
species have been observed previously [55,56]. As in 4, 
compound § exists as discrete molecules in the solid 
state. Fig. 4 shows the orientation of the t-butyl group 
on nitrogen with respect to the two chlorine atoms. 

The bond distances between the Hf to carbons of the 
five membered ring in the fluorene group (2.430(5) to 
2.607(5) A) suggest 7°-coordination [55,57]. The Hf—N 
distance 2.065(3) is somewhat longer than that found in 
[(m°-C, Me, )Hf(H)NHMe] (2.027(8) A) but much closer 
to the distances found in [(n°-~C,Me,)Hf{NH(2,6- 
‘Pr,C,H,)},] (2.041(4), 2.048(4), and 2.065(3) A) or 
[HfCKN(SiMe,),},] (2.040(10) A) [58-60]. The Hf-Cl 
distances (2.396(1), 2.3991) A) may be compared with 
the values of 2.510(1) A in (Me, O(n°-C5H,), Hf(’- 
C,H,)Cl], 2.42 A in ((CH,),(q°-C,H,),HfCl,] and 
2.436(5) A in [HfCKIN(SiMe,),},] [56,60,61]. 

In conclusion, we have reported the synthesis of an 
amido-fluoreny! ligand system and its utility in the 
synthesis and isolation of solvent free, monomeric Group 
4 metal dichloro complexes. The longer —CH , Si(Me),— 
bridge increases the effectiveness of the protection of- 
fered by the ligand to the metal ion. The X-ray struc- 
tures of 4 and 5 also represent rare examples of 
mono(fluorenyl) complexes of Group 4 metal ions [25]. 
The Group 4 metal complexes based on this amido-fluo- 
renyl ligand could be useful as catalyst precursors in the 
olefin polymerization reactions [26-30]. We are cur- 
rently studying the chemistry of 3—5, and the reactions 
of 2 with various other metal ions. We are also cur- 
rently investigating the chemistry of [{(N-'Pr)Si(Me),- 
CHC,,H,)}P~ ligand [62]. 
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Abstract 


The palladium(0) complex [Pd(n?-fnXN—N’)] (1, fn = fumaronitrile; N—N’ = C,H,N-2-CH=NC,H,OMe-4) reacts slowly and 
reversibly with A—CH,—CH=CH, (2a, A = NEt,; 2b, A= C,H,N) to yield the cationic 7°-allylpalladium(II) derivative [Pd(n’- 
C,H,XN—N’)]* (3) the free amine A and fn. The equilibrium constant K, is (2.6 + 0.1) x 10~° for 2a and 1.0 + 0.4 for 2b. Kinetic 
studies of these oxidative allyl-transfer reactions show that the rates increase with increasing concentration of 2 and with decreasing 
concentration of fn. A stepwise mechanism is proposed which involves slow and reversible displacement of fn by 2 to give a labile 
intermediate [Pd(n?-CH ,=CH—CH,—AXN—N’)]. This undergoes slow and reversible intramolecular allyl transfer through nucle- 
ophilic attack by the palladium(0) metal centre on the nitrogen-bound allyl carbon. The kinetic parameters evaluated by a steady-state 
treatment satisfactorily generate the observed equilibrium constant K,. The rate of formation of the intermediate and the relative rate of 
its decay to the starting reactants and final products are virtually independent of the nature of the amine A. 


Keywords: Palladium; Allyl transfer; Kinetic studies 





1. Introduction 


Oxidative addition of an electrophilic ally! halide, 
sulphide, carboxylate, sulphonate or carbonate to a pal- 
ladium(0) substrate is a key step in the palladium-cata- 
lyzed nucleophilic substitution of allylic compounds 
(Scheme 1) [1]. 

The stereochemistry of these catalytic reactions is a 
subject of much current interest. In respect of the 
oxidative addition, special attention has been given to 
the elucidation of the factors that favour retention vs. 
inversion of configuration at the allylic carbon bearing 
the leaving group X [2]. In all cases, prior coordination 
of the C=C double bond of the allylic electrophile to 
the metal seems to be an essential feature of the mecha- 
nism, and evidence for it has been reported [2b]. 

When the ligating properties of L are better than 
those of the leaving group X, the reaction of PdL,, with 
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CH, =CH—CH,—X, leading to the cationic species 
[Pd(°*-all)L,]*, can be better viewed as an oxidative 
transfer of the allyl group to the metal. Such is the case 
for the reactions with (allyloxy)phosphonium, (allyl- 
thio)uronium and allylpyridinium salts [3]. A particular 
case of oxidative allyl transfer is also involved in the 
reactions of 7°-allylpalladium(II) complexes with palla- 
dium(0) [4] and platinum(0) [5] derivatives (redox 
transmetallation). 

Following on recent study of the mechanism of 
nucleophilic attack by triethylamine or pyridine on 
[Pd(*-allMN—N’)]* substrates (N—N’ = a-diimine) 


ow f xX ae aL , 
Pa. > § —_ yd. + X 
‘ L 


| f 
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N—N’ = C,H,N-2-CH=NC,H,OMe-4; A = NEt, or C,H,N; ol = 


>a +A == Ls [Pd(n?-ol)(N—N’)] + A—CH,—CH=CH, 


fumaronitrile or dimethyl fumarate 


Scheme 2. 


in the presence of fumaronitrile or dimethyl fumarate 
(Scheme 2), we reported some preliminary data for the 
influence of the activated olefin on the reverse reaction, 
ie. the oxidative transfer of the allyl group from the 


ammonium cation A—CH,—CH=CH, to the species 
[Pd(?-ol) (N—N’)] [6]. We now report the results of a 
novel equilibrium and kinetic investigation of the latter 
reaction in the presence of fumaronitrile (fn). One aim 
of this study was to provide further evidence for prior 
coordination of the C=C double bond of the allylic 
electrophile to palladium by oxidative transfer of an 
allylic substrate to palladium(0). 


2. Results and discussion 


2.1. Equilibria of oxidative allyl transfer 


When the palladium(0) complex 1 is treated with 
(prop-2-enyl)triethylammonium (2a) or 1-(prop-2-enyl) 
pyridinium (2b) perchlorate in chloroform at 25°C, an 
equilibrium is slowly established involving the 7°-al- 
lylpalladium(II) complex 3, the free amine A (NEt, or 
C,H,N) and fumaronitrile [Eq. (1)]. 

No reaction was observed when 1 was treated with 
(2-methylprop-2-enyl) triethylammonium perchlorate. 
Equilibrium (1) was studied by UV-vis spectrophotom- 
etry by recording the spectral changes in the presence of 
a known excess of both A and fn over the palladium 
substrate 1 after sufficient time had elapsed following 
mixing of the reactants to ensure the attainment of 


HOe NN 


Z Pd---- + A—CH,—CH=CH, 
or A 
CN 


1 (a): A= NEt, 


equilibrium. Initial concentrations were: [1], = 1 x 10~* 
mol 1~', [A], = 1X 107? mol 1~', [fn], in the range 
1x 107* to 5X 10~* mol 1”', [2], in the range 2 x 
10~*° to 2 107° mol I~’. The concentration of A was 
such that no appreciable a-diimine displacement by A 
took place in 3, the corresponding equilibrium 3 + 2A 
= [Pd(C,H,) (A),]*+N—N’ being shifted com- 
pletely to the left under these conditions [6]. Abstract- 
factor analysis of the observed UV-vis spectral changes 
indicated that only two independently absorbing species 
were present in the range 300—540 nm, i.e. complexes 1 
and 3 [7]. 

Non-linear regression analysis of the dependence of 
the absorbance on the concentration of 2, in terms of the 
model described in Experimental details, gave the fol- 
lowing K, values: (2.6 + 0.1) x 107° for 2a and 1.0 + 
0.4 for 2b. These findings can be explained in terms of 
the much higher basicity of triethylamine than of pyri- 
dine in so far as this governs the stability of the 
C,utyi—N bond in 2. An example of the spectral changes 
along with the least-squares fit is shown in Fig. 1. 


2.2. Kinetics of oxidative allyl transfer 


A kinetic study of reaction (1) was also carried out in 
chloroform at 25°C in the presence of an excess of 2, A 
and fn relative to the palladium(0) substrate 1 in order 
to ensure effective constancy of their concentrations. 
The progress of the reaction with time was monitored 
by UV-vis spectroscopy in the range 280-540 nm. 
Under these conditions the extent of reaction, evaluated 
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ZN 
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a ) +A+ fn 
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(b): A=C,H,N 
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Fig. 1. Fit of the absorbance at 340 nm to [2a] for equilibrium (1) 


({Pd], =110~* mol I~', [NEt,]}=1x10~* mol I~‘, [fn]=1x 
10~* mol 1~'). 








from the above equilibrium constants, was > 60%. In 
all cases the reactions were monitored for up to six to 
seven half-lives. Again, abstract-factor analysis showed 
the presence of only two absorbing species, i.e. 1 and 3, 


Table 1 
Rate data for the reaction of 1 with 2a in CHCI, at 25°C * 


as confirmed by the observed two well-defined isos- 
bestic points. The optical density changes were found to 
obey the mono-exponential law D, = D, + (D, —D,) 
exp(—k,,.0), where k,,. is the pseudo-first order rate 
constant for the process. 

The k,,, values are listed in Tables 1 and 2 for the 
reactions of 2a and 2b, respectively. 

In general, the rates appear to increase with increas- 
ing concentrations of 2a and with decreasing concentra- 
tions of fn, but are not affected by the concentration of 
A. For runs carried out at various concentrations of 2 
but with a fixed amine A and fumaronitrile concentra- 
tions, the k,,. values increase linearly with [2] (Fig. 2), 
according to the relationship: 


kp, = In + SI[2] (2) 
The slopes S/ of the straight lines generated by use of 
relationship [2] for a series of experiments at varying fn 


concentrations (Table 3) decrease with the concentration 
of fn according to Eq. (3) (Fig. 3): 


SI= a/(1 + B[tn}) (3) 





10°[Et,N-CH ,-CH=CH, ] (2a) 
(mol 1~') 


10°[NEt,] 10*k... 
(mol I~ ') (s~') 





2.37 
4.74 
9.47 
18.90 


2.37 
4.74 
9.47 
18.90 


2.37 
4.74 
9.47 
18.90 


2.37 
4.74 
9.47 
18.90 


2.37 
4.74 
9.47 
18.90 


2.37 
4.74 
9.47 
18.90 


2.56 + 0.05 ° 
§.11+0.01° 
9.81 + 0.03 ° 
19.42 + 0.05 ° 


1.81 + 0.02 
3.20 + 0.03 
6.21 + 0.04 
12.01 + 0.02 


1.90 + 0.02 
3.25 + 0.03 
6.28 + 0.08 
12.20 + 0.02 


1.40 + 0.02 
2.45 + 0.03 
4.70 + 0.05 
9.41 + 0.08 


0.99 + 0.02 
1.73 + 0.03 
3.41 + 0.05 
6.71 + 0.07 


0.61 + 0.08 
1.15 + 0.02 
1.91 + 0.03 
3.45 + 0.07 





* [1], = 1.0 x 10~* mol 1~', unless otherwise stated. 
* (1), = 5.0 x 107° mol 17 '. 





104 L. Canovese et al. / Journal of Organometallic Chemistry 508 (1996) 101-108 


Table 2 
Rate data for the reaction of 1 with 2b in CHC1, at 25°C * 





10°({C,H,N-CH,-CH=CH, } (2b) 10°(fn) 
(mol I~") (mol |~') 


10°(C,H,N] 10*k,», 
(mol 1~') (s~') 





0.83 0.21 
0.21 
0.21 
0.21 


0.41 


1.53+0.01° 
2.90 + 0.02 ° 
4.33 + 0.02" 
5.73 + 0.05 ° 


1.20 + 0.01" 
2.41 + 0.03” 
3.46 + 0.03 ° 
4.85 + 0.03 ° 


0.72 + 0.01 
1.42 + 0.02” 
2.0+0.1° 
2.6+02° 


0.40 + 0.01 
0.75 + 0.01 
1.20 + 0.01 
1.59 + 0.01 


0.19 + 0.01 
0.35 + 0.01 
0.49 + 0.01 
0.69 + 0.01 





* [1], = 1.0 x 10~* mol 1~', unless otherwise stated. 
* [1], = 2 1075 mol 17. 


with a=0.22+0.02 (NEt,), 0.27+0.04 (C,H,N) 
mol~'| s~', and B = 2420 + 400 (NEt,), 2600 + 750 
(C,;H,N) mol 1. The slopes S/ are virtually indepen- 
dent of the concentration of A in the ranges examined 
(5 x 10~* to2 x 10~* mol 1~' for [NEt,] and 2 x 10~* 
to 1x 107° mol 1~' for [C,H,N)). 

These findings can be interpreted in terms of the 
following stepwise mechanism (Scheme 3): 

The step k, corresponds to substitution of the ?- 
bound fumaronitrile in 1 by 2 to give the labile palla- 





i A. = 
0.010 0.015 0.020 
[2a] , moV/L 





Fig. 2. Linear dependence of k,,, on [2a] for reaction (1) ([NEt,]= 1 
x 107? mol 1~', [fn]= 5x 10~* mol 1~'). 


dium(0) intermediate I containing the *-coordinated 
allyl cation. This may either revert to the starting species 
1 by re-entry of fn (k_,) or undergo intramolecular 
oxidative rearrangement to the 7°-allyl palladium(II) 
product 3 with release of the free amine A through 
heterolytic breaking of the carbon—quaternary nitrogen 
bond under nucleophilic attack by the palladium(0) 
metal centre (k,). The reverse step, k_,, represents the 
first stage of the reductive amination of 3, which was 
previously studied in detail [6,8]. Formation of the 
intermediate I, with accompanying reversible dissocia- 


Table 3 
Slopes (S/) of plots of k,,, versus [2] 





A-CH,-CH=CH, (2) 10%A] 10°fn}_—«10S/ 
(mol !~') (moli~') (mol~'1s~') 


10.16 + 0.06 
6.18 + 0.04 
6.20 + 0.05 
4.86 + 0.07 
3.48 + 0.03 
1.69 + 0.06 





2a: A = NEt, 


2b: A = C,H,N 16.8+0.1 
14.3+0.1 
7440.2 
4.8+0.2 


1.9+0.1 
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Fig. 3. Fit of slopes SI to [fn] [Eq. (3)] for reaction (1) (INEt,] = 1 x 
107? mol I~"). 


tion of fn, is reasonable in the light of the retarding 
effect of added fn on the rates [Eq. (3)] and in line with 
earlier reports on the mechanism of (i) olefin substitu- 
tion in palladium(0) complexes with rigid a-diimino 
ligands [9] and (ii) oxidative addition of allylic halides 
to palladium(0) olefin complexes [2b], for which prior 
coordination of the C=C part of the entering ligand was 
proposed. The intermediate I, although kinetically sig- 
nificant, must be present in only very low concentration 
since it escaped detection by UV-vis (vide infra) and 
'H NMR spectroscopy (CDCI, at 25°C). In the NMR 
spectra, only the typical proton resonances of the reac- 
tants 1 and 2, and of the products 3, fn, and A, were 
observed throughout the reaction (Experimental details) 
[6]. On the other hand, for the unreactive system 1 /(2- 
methylprop-2-enyl)triethylammonium perchlorate (1:5 
molar ratio) in CDCI, at 25°C, only a slight broadening 
of the AB pattern at 5 2.98 ppm for the coordinated fn 
protons was observed, possibly due to a fast olefin 
exchange between 1 and trace amounts of a type I 
species. Therefore, by applying the steady-state approxi- 
mation on [I] to Scheme 3, it can be shown (Experimen- 
tal details) that, with the assumption k,[2] < k, +k_, 
[fn], the decay of 1 and formation of 3 follow a simple 
first-order differential law of the type —d[1]/dt= 


d{3]/dt = 9 —k,,, [3], where ¢ is a constant and k,,. 
is given by Eq. (4): 


_ kal Alin] k,[2] 
8 ky /k_, + [fn] 1+ (k_,/k,) [fn] 





(4) 
To the extent that the above approximation is valid, Eq. 


(4) is equivalent to the experimental rate law (2), where 


kg [A] k, 
"Bk + fin) nT e Iinl 





Moreover, comparison of the expression for S/ with the 
experimental rate law (3) yields a=k, and B= 
k_,/k. 

The assumption k,[2] < k, + k_,[fn] {k,[2a] in the 
range (0.5—4.2) x 10~*; k,[2b] in the range (2.2-9.0) 
x 10~* s~'} is reasonable in the light of a steady-state 
approximation, for which the overall rate of decay of 
the intermediate I should be much higher than the rate 
of its formation. This is also in agreement with our 
failure to detect intermediate I. 

The slopes S/ of Eq. (2) can be measured with good 
accuracy (Table 3) from plots of the type shown in Fig. 
2, and exhibit the inverse dependence on [fn] shown in 
Eq. (3) (Fig. 3). In contrast, the extrapolated intercept 
values Jn are very uncertain, and show erratic features 
that preclude any correlation with [A] and/or [fn] data, 
thereby preventing any independent evaluation of the 
parameters k_, and k,/k_, according to the relation- 
ship In = k_,[A] [fn] /(k,/k_, + (fn). 

The equilibrium constants K, for reaction (1) can 
also be calculated from the rate constants for the mecha- 
nism in Scheme 3 as K, = k,k,/k_,k_,. The resulting 
values based on the appropriate k_, values from Ref. 
[6] [K, = (3.8 + 2) x 10~* for A = NEt,; 0.5 + 0.3 for 
A=C.H,N] are in satisfactory agreement with those 
obtained from direct equilibrium measurements [(2.6 + 
0.1) x 107° and 1.0 + 0.4, respectively]. This lends fur- 
ther support to the proposed mechanism and shows the 
internal consistency of the independently determined 
parameters. 

The &, and k_,/k, terms for A= NEt, are very 
close to those for A = C;H.N, indicating that the rate 


. k . 
[Pd(?-fn)(N—N’)] + ACH,CH=CH, — [pa(n-cr, =cricH,A)(N—W) + fn 
-1 


(1) (2) 


(1) 
+ 
[Pd(n’-C,H,XN—N’)]* +A 
(3) 





106 L. Canovese et al. / Journal of Organometallic Chemistry 508 (1996) 101-108 


of formation of I and the relative rates of the reactions 
by which it disappears are virtually independent of the 
nature of the amine A. Therefore, the large differences 
in the equilibrium constants K, observed for reaction 
(1) are essentially due to the large difference in the k_, 
terms for the reverse amination reaction [6]. Whereas 
the reactivities of the two allylammonium cations 2 are 
rather similar, a large fall occurs upon replacement of 
the 2-allyl proton by a methyl group. The unreactivity 
of the (2-methylprop-2-enyl)triethylammonium cation 
may arise either from lack of formation of a type I 
intermediate or from its inertness toward oxidative allyl 
transfer caused by unfavourable electronic and steric 
properties of the methyl group. This is in line with the 
adverse role played by methyl substituents at the C=C 
carbons on the rates of oxidative addition of allyl 
halides to low-valent metal complexes. 


3. Experimental details 


The complexes [Pd(n?-fnXN—N’)] [10a], [Pd(n?- 
C,H.) (N—N’))CIO, [10b] and the allyl ammonium 
salts [Et,N—CH,—CH=CH,|CIO, and [C,H,N— 
CH ,—CH=CH, |CIO, [6] were prepared by published 
methods. Triethylamine and pyridine were distilled un- 
der nitrogen from anhydrous K,CO, and KOH, respec- 
tively. Freshly distilled CHCl, was used for all kinetic 
runs. All other chemicals and solvents were reagent 
grade and were used without purification. 


3.1. Preparation of Et, N—CH,—C (Me)=CH, as the 
perchlorate salt 


A two-fold excess of freshly distilled 2-methylprop- 
2-enyl chloride (5.43 g, 60.0 mmol) was added to a 
methanol solution of NEt, (3.04 g, 30.0 mmol in 100 
ml). The mixture was heated under reflux for 24 h. 
After addition of NaClO, - H,0(8.41 g, 60.0 mmol), the 
mixture was worked-up as previously described for the 
preparation of [Et,N—-CH,—CH=CH,|CIO, [6] to 
give the white product [Et, N—CH,—CH=CH, |CIO, 
(7.30 g, 95.1%). 

Molar conductivity: 110.9 S cm* mol™' for a 107° 
mol |~' MeOH solution at 25°C; IR spectrum (KBr 
pellet) (cm~'): v(CI—O) 1091, 5(CI—O) 631; 'H 
NMR spectrum (in CDClI,): allyl protons: 6 5.54 
(1H,s,CH,=C); 5.37 (1H,s,CH,=C); 3.84 
[2H,s,C(CH ,)—CH,]; 2.00 [3H,C(CH,)—CH,] ppm; 
ethyl protons: 5 3.35 (6H, q, J=7.3 Hz, CH,); 1.40 
(9H, t, CH) ppm. 


3.2. Reactions of 1 with a 1:6 molar excess of allyl 
ammonium cations 


Method a 

The salt [Et, N—CH,—CH=CH, |CI0, (0.09 mmol, 
21.8 mg) was added to 3 ml of a 5X 107° mol |”! 
CDCI, solution of 1. The progress of the reaction was 
monitored by 'H NMR spectroscopy at 25°C. The initial 
spectrum showed the typical signals of 1 at virtually the 
same chemical shifts as those for the complex alone 
(with the amino proton as a singlet at 5 8.70 ppm and 
the H® pyridine proton as a multiplet at 5 8.90 ppm). 
The only significant difference was in the change of the 
n’-coordinated fn proton signal from an AB system to a 
broad singlet at ca. 5 3.0 ppm. The signals of 1 
decreased progressively with time with concomitant 
increase in those of 3 [imino proton as a singlet at 6 
8.86 ppm, the H® pyridine proton as a multiplet at 6 
8.80 ppm, the syn-allyl protons as a doublet at 6 4.20 
ppm (J = 7.0 Hz) and the anti-allyl protons as a dou- 
blet at 5 3.55 ppm (J = 12.2 Hz)] and of NEt, (CH, 
protons as a quartet at 6 2.70 ppm and CH, protons as 
a triplet at 6 1.10 ppm). The olefin proton signal of free 
fumaronitrile could not be detected because of the fast 
exchange (on the NMR time scale) with the n’-bound 
olefin in 1. No other species was observed in the 
mixture. In the course of the reaction, some precipita- 
tion of product 3 took place. 

Similar results were obtained for the reaction of 1 
with [C,H,N—CH,—CH=CH, CIO, under the same 
conditions. 

Method b 

The salt [Et,N—CH,—C(Me)=CH,|CIO, (0.09 
mmol, 23.0 mg) was added to 3 ml of a 5 X 10~* mol 
1~' CDCI, solution of 1. The 'H NMR spectra showed 
that no reaction took place at 25°C even after prolonged 
time and further addition of the allyl cation. 


3.3. Physical measurements and instrumentation 


The conductivity was measured with a CDM83 con- 
ductivity meter. The 'H NMR spectra were run on 
Bruker AM-400 and AC-200 spectrometers at 25°C 
using tetramethylsilane as internal standard. Equilibrium 
and kinetic measurements were carried out on a Perkin- 
Elmer Lambda 5 spectrophotometer using 1-cm quartz 
cells. The IR spectra were recorded in the range 4000- 
200 cm~' on a Perkin-Elmer 983G instrument fitted 
with CsI windows. 


3.4. Determination of equilibrium constants 


Equilibrium constants in Eq. (1) were determined 
spectrophotometrically by adding known amounts of 
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chloroform solutions of 2 of known concentration to a 
solution of substrate 1 containing a known excess of 
fumaronitrile and base A over palladium in the ther- 
mostatted cell compartment of the spectrophotometer. 
Sufficient time was allowed for the establishment of the 
slow equilibrium. Spectral changes upon addition of 2 
were monitored in the range 300-600 nm, in which 
only 1 and 3 show appreciable absorptions. The optical 
density data D, were fitted by non-linear least-squares 
[11] using the following model: 


1+2#3+fn+A 

K, = [3 [A] [fn] /[1] [2] 

[Pd], we (1) + [3] 

[2], = [2] + [3] 

[fn] ,[ A] constant (excess) 

D, = e,[{1] + e,[3] (10) 
The function minimized was = 3(D,,, — D.,,.)’. 

The optimized parameters were K, and the extinction 

coefficients. During each iterative cycle of the refining 

process the concentrations of all species involved were 

determined by solving the equilibrium and mass-balance 

equation system analytically (it reduces to a quadratic 


equation in [3]). The uncertainties quoted refer to the 
standard deviation. 


3.5. Spectrophotometric kinetic measurements 


The kinetics of reaction (1) were studied by adding 
known aliquots of chloroform solutions of 2 to freshly 
prepared solutions of 1 in the presence of an excess of 
both fn and A relative to the metal. The concentration 
of 2 was also much higher than that of palladium 
(Tables 1 and 2). Spectral changes at 25°C were moni- 
tored in the range 280-540 nm. The kinetic system in 
Scheme 3 can be described by the following system of 
equations ((2], [fn], [A] are constant): 


d[3] /de = k,[I] — k_,[3] [A] (11) 
[Pd], - (1) + {1 + [3] (12) 


d[ 1] /de = k, [1] [2] + &_,[3] [A] — &_, [1] [fm] — &, [1] 
(13) 
Under the hypothesis of steady-state for [I] (d{I]/dr ~ 0, 


[I]}~0) and using the approximation k,[2] <k, + 
k_, [fn], combination of these equations will yield: 


d[3] /dt = — — k»,[3] (14) 


where 
k, [Pd] [2] 
~ 1+ (k_,/k:) [fn] 





? 


_ kf A] [ta] k, [2] 
ow  66,4..90 





1 + (k_,/k,)[fn] 


The first-order differential equation (14) can be inte- 
grated to give the customary mono-exponential rate law 
as the dependence of optical density D, on ¢, i.e. 
D, = D,, + (Dy — D,) exp — kt), since [3] = (¢/k,,.) 
[1 — exp(—k,,,¢)] (by integration), [1] ~ [Pd], — [3] 
[from Eq. (12) and the hypothesis [I] ~ 0], D, = €,[Pd],, 
D, = €,{1) + €,[3] = D, +(e, — €, 3) and D, =D, + 
(¢/k»,.Me, — €,). Values of k,. were obtained by 
non-linear regression [11] of the D, versus time data. 


3.6. Data reduction and analysis 


Mathematical and statistical analysis of equilibrium 
and kinetic data was carried out on a personal computer 
equipped with an INTEL 486 66 MHz central processor 
by the use of a locally adapted version of Marquardt’s 
algorithm written in TURBOBASIC™ (Borland). Abstract 
factor analysis was carried out in the MATLAB™ (Math- 
works) environment. 
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Abstract 


Neutral compounds of the type (2,2’-bipyridine)Pd(CH ,XCI) and (6-R'—C,H ,N-2-C(H)=N-R)Pd(CH ,XCl) (R ='Pr; R = H: ‘Pr- 
PyCa) (R = ‘Bu; R’ = H: ‘Bu-PyCa) (R ='Pr; R' = CH,: 'Pr-6-Me—PyCa) (R = CH,CH,C,H,; R' = H: Phe—PyCa) (R = ‘Bu; R’ = CH,: 
‘Bu-6-Me—PyCa) (R ='Pr; R’ = C(H)O: ‘Pr—IPA) have been synthesized starting from (1,5-cyclooctadiene)Pd(CH ,XCI) and ionic 
compounds of the type [(N-N)Pd(CH,))BF, (N—N =bipy, ‘Pr—PyCa, ‘Bu—PyCa or ‘Pr-6-Me—PyCa) by treatment of the 
methyK(chloro)palladium compounds with silver tetrafluoroborate. All products have been characterized by spectroscopic methods. 
Reaction of the compounds with carbon monoxide gives the neutral acyl compounds (N—N)Pd(C(O)CH , XCl) and ionic acyl compounds 
[(N-N)Pd(C(O)CH , )JBF, (N-N = bipy, 'Pr—PyCa, ‘Bu—PyCa, 'Pr-6-Me—PyCa or Phe—PyCa). The crystal structures of ('Pr-6-Me- 
PyCa)Pd(CH , XC), (‘Pr—IPA)Pd(CH , KCI), (bipy)Pd(C(O)CH ,XCI) and (‘Pr—-PyCa)Pd(C(O)CH , KCI), have been determined. Compari- 
son of data for the Pd-N=C-—C.H,N moieties of the complexes concerned show that the geometries are almost identical, the largest 
r.m.s. deviation (between ('Pr-6-Me—PyCa)Pd(CH , XCI) and (bipy)Pd(C(O)CH , XCI)) being 0.2 A. The Pd-C bond distances in the two 
acetylpalladium complexes are 0.05 A shorter than those in the two methylpalladium complexes. The Pd—N bond distances for the 
nitrogen atoms situated trans to the organic group are shorter by 0.11 A in the case of acetyl ligands. 

An unprecedented influence of the steric properties of the ligands on the half-life for the CO insertion is observed; substituents 
adjacent to the nitrogen donor atoms cause strongly acceleration. 


Keywords: Palladium; Imine; Carbon monoxide; Catalysis; Crystal structure; Late transition metals 





1. Introduction The number of late transition metal complexes used 


in catalytic processes bearing the harder nitrogen donor 


In many reactions catalyzed by late transition metals, ligands is limited, although most processes involving 


in particular rhodium and palladium, the metal is stabi- 
lized by ligands having phosphorus donor atoms. Since 
late transition metals are soft Lewis acids, the soft 
Lewis-base phosphorus ligands stabilize a wide variety 
of oxidation states, thus providing very robust metal 
complexes, suitable for catalytic reactions under ex- 
treme conditions [1]. 


* Corresponding author. 
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catalysts containing phosphine ligands can also be car- 
ried out with those containing nitrogen ligands [2-5]. 
Examples are C—C cross-coupling reaction, allylic al- 
kylation, hydrogenation and the Heck reaction, in which 
nitrogen-based catalysts perform better than phosphine- 
based catalysts [1,4], but in most cases the phosphine 
complexes are better, especially in industrial applica- 
tions. It is known for example that, in the palladium- 
catalyzed terpolymerization of carbon monoxide, ethene 
and maleic anhydride, use of bipyridine and phenanthro- 
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line ligands gives a considerably higher ethene : MA 
ratio but a much lower average molecular weight of the 
terpolymer than does that of diphosphine ligands [3]. 

In recent years we [6—8] and others [2,5] have shown 
in model studies of the separate steps of the alternating 
copolymerization of CO with alkenes that palladium 
complexes with nitrogen donor ligands are significantly 
more reactive than analogous palladium phosphine com- 
plexes, but they have the major disadvantage of being 
less stable under catalytic conditions, particularly in 
respect of their tendency to dissociate from the metal 
center. For example, the reaction of a palladium com- 
plex containing a bidentate a-diimine ligand with an 
olefin may lead to the dissociation of one nitrogen atom 
[9], and this under certain conditions may lead to forma- 
tion of a-diimine-bridged binuclear species [10]. 

In order to study the steric and electronic effects of 
nitrogen ligands in carbonylation reactions, we have 
synthesized a series of neutral and ionic methylpalla- 
dium complexes containing bidentate nitrogen ligands 
2,2'-bipyridine (bipy(1), 2-(N-2-propanecarbaldi- 
mino)pyridine ('Pr—PyCa)(2),2-( N-2-(2-methy])pro- 


Table 1 
Selected 'H NMR data for 2—14b *. 


Pa 1: bipy 


2: R = iPr; FR’ =H; iPr-PyCa 

3: R = tBu; RF’ = H; tBu-PyCa 

4: R = iPr, R’ = CHs; iPr-6-Me-PyCa 
5: R = CH2CH2Ph; RF’ = H; Phe-PyCa 
6: R = tBu; RP’ = CHs:, tBu-6-Me-PyCa 
7: R = iPr; FR’ = C(H)O; iPr-iPA 


Fig. 1. Structure and numbering of the ligands. 


panecarbaldimino)-pyridine (‘Bu—PyCaX3), 2-(N-2- 
propanecarbaldimino)-6-(methyl)pyridine ('Pr-6-Me— 
PyCaX4), 2-(N-(2-phenyl)ethanecarbaldimino)pyridine 
(Phe—PyCaX5),2-( N-2-(2-methy])propanecarbaldimino)- 
-(methyl)pyridine (‘Bu-6-Me—PyCaX6) and 2-(N-pro- 
panecarbaldimino)-6-(carbaldimino)pyridine ('Pr- 
IPAX7). Some palladium and platinum complexes con- 
taining some of these ligands have been used in the past 
by Vitagliano and coworkers [1la,12] in studies of 
alkene-stabilized five-coordinated palladium and plat- 
inum complexes. We have examined the reactivities of 
the methylpailadium complexes containing the ligands 
1-7 towards carbon monoxide (Fig. 1) and also investi- 





5(Pd—R) 
(ppm) 


Compound ° 


5(H°® or 6-R) 





8.31 
2.72 (Me) 





: In CDCI, at 293 K, except for the ionic complexes which were examined in CD,CN at 293 K. 
Superscript t indicates a trans configuration, and superscript ¢ a cis configuration of the methyl and the imino-nitrogen. 
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gated the stability and the molecular structures by means 
of NMR techniques and single-crystal structure analy- 
ses. The ligands have in common an a-diimine chelat- 
ing moiety which has both o-donating and t-accepting 
properties [9]. The R—PyCa ligands are non-symmetric 
and thus can give rise to geometric isomers when 
coordinated to methyK(chloro)palladium moieties. «-Di- 
imine ligands are known to coordinate in a bidentate 
fashion [13] but since they are quite flexible, they can if 
required also adopt a monodentate coordination mode. 
This was observed even in the case of cis-fixed ligands 
such as phenanthroline, although the non-coordinated 
nitrogen of the phenanthroline remains in the vicinity of 
the metal [9]. 


2. Results 


In previous work we showed that (COD)Pd(CH , XC) 
readily undergoes substitution by bidentate phosphorus 
or potentially terdentate nitrogen ligands [7,14]. Al- 
though other starting complexes are known, such as 
[Pd(CH ,XSMe,)p-Cl}, [15] and (tmeda)Pd(CH ,XCl) 
[2a], use of (COD)Pd(CH , )CI proved to be an excellent 
method for the synthesis of neutral methyl(chloro)pal- 
ladium complexes containing bidentate and terdentate 
nitrogen ligands. 

The methyl(chloro)palladium complexes la—7a, the 
methylpalladium tetrafluoroborate complexes Ila—I4a, 
the acetyl(chloro)palladium complexes 1b—Sb and the 
acetylpalladium tetrafluoroborate complexes 11b—14b 
were isolated with high yields. Compounds 2a—4a and 
2b—4b gave satisfactory elemental analysis. Compounds 
5a, 6a, Ila—14a and 11b—14b were only stable for a 
few hours, in precluding elemental analysis. From 7a, 
only a very small amount of product was isolated and 
this was not sufficient for elemental analysis. The struc- 
tural features of la and 1b and the elemental analysis 
data were reported recently (2]. The complexes have 
been fully characterized by 'H and °C NMR spec- 
troscopy, and in the case of the acetylpalladium com- 
plexes Ib—14b also by IR spectroscopy. For 4a, 7a, Ib 
and 2b, single-crystal structure analyses were carried 
out. Selected 'H NMR data are presented in Table 1. 


2.1. Synthesis and properties of methylpalladium com- 
pounds la—Il4a 


Substitution of COD in (COD)Pd(CH,XCI) by the 
appropriate nitrogen ligand in dichloromethane resulted 
in the rapid formation of complexes of the type (N- 


N)Pd(CH ,XCI), numbered la-—6a. The colourless 
methyK(chloro)palladium complex 7a was prepared in 
the same fashion but was isolated by a different proce- 
dure (see Section 5). The ionic complexes of the type 
[(N—N)Pd(CH , Xacetonitrile))BF, (1la—14a) were ob- 


Ss 


n7 =< -s 
/ Ny-PemA / Nye Pa / Nye Remy 
_ _  F — 2 


Y 
Y=Cl;, R=CH;: 1a Y=Ct; R=CHs, 2ac 
Y=Cl; R=C(O)CHs: 1b Y=Cl; R=C(O)CHs: 2p° 
Y=BF 4: ReCHs: 11a Y=BF «; R=CH,: 120° 
Y=BF 4; as 12b 


Y=BF 4; R=C(O)CHs: 11 
“1 
= Pe 
NP 8 


Y=Ct; R = CHs: 3 Y=Ct; R = CHy: 4a 

Y=Cl; R= C(O)CHs: 3b = Y=Cl; R = C(O)CH: 4b 
Y=BF 4; R=CHs: 138 Y=BFs; R= CHs: 140 
Y=BF 4 - ReCHs: 13b Y=BF« ; R = C(O)CHy: 14b 


Y=Cl; R=CHs: 7a 
Y=Ct; R=C(O)CHs: 7b" 
Y=®8F4; R=CHy: 122° 


Fig. 2. Structure and numbering of the methyl-and acetylpalladium 
compounds la—14a and Ib—14b. The adopted numbering scheme of 
the R-PyCa ligands 2—7 is shown only for 5. The superscript t 
indicates a trans configuration, and the superscript ¢ a cis configura- 
tion of the methyl and the imino nitrogen. 


tained by reaction of the methylpalladium compounds 
with silver tetrafluoroborate in acetonitrile. The struc- 
ture and numbering of the complexes is shown in Fig. 2. 
For clarity the neutral compounds are numbered la, Ib, 
2a etc. and the corresponding ionic compounds Ila, 
11b, 12a etc. 

Since the R—PyCa ligands 2—7 are asymmetric, coor- 
dination to methyl(chloro)palladium compounds can 
lead to the formation of two isomeric forms, which are 
cis and trans in respect of the relative positions of the 
methyl! ligand and the imino nitrogen of the R—PyCa 
ligand on the palladium atom. This is the case for 
(‘Pr—PyCa)Pd(CH ,XCIX2a), (Phe-PyCa)Pd(CH ,XC1)- 
(Sa), [(‘Pr-PyCa)Pd(CH ,)]BF,(12a) and the acetylpalla- 
dium analogues 2b and 5b, as can be concluded from 
the two sets of resonances in the NMR spectra. 

The most sensitive resonances for the assignment of 
this isomerism are for H® and the a-protons of the 
imino substituents (Table 1). In the cis isomers, H® has 
a large chemical shift, owing to the strong deshielding 
effect of the chloride ligand, which is situated cis to the 
pyridyl group (Fig. 2), whereas the trans isomers have 
the H® resonances at a considerably lower chemical 
shift. For example, the H® signal for 2a appears at 9.12 
ppm, and for 2a‘ at 8.64 ppm. The methyl compounds 
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2a, 5a and 12a exist in cis: trans ratios of 1:0.79, 
1: 0.30 and 1:0.27 respectively and the acetylpalladium 
compounds 2b and 5b in 1:0.56 and a 1:0.25 ratios 
respectively, as indicated by the 'H NMR integrals. 
Interestingly, in the case of 2b, only the cis isomer 
2b(cis) was present in the crystal. The 'H and °C 
NMR spectra of the complexes of 2 and 5 have sharp 
resonances indicating that no dynamic processes, such 
as cis—trans isomerization are observed by these com- 
plexes on the NMR time scales. 

For the palladium complexes 4a, 14a, 4b, 14b and 
7a containing the 6-substituted ligands 'Pr-6-Me—PyCa 
and ‘Pr-IPA, only the cis isomers were observed, 
whereas the palladium complexes 3a, 13a, 3b and 13b 
containing ‘Bu-PyCa occur exclusively in the trans 
configuration. The 'H NMR signals from all the R-PyCa 
palladium compounds are very sharp, except in the case 
of 6a, vide infra, indicating that no fluxional processes 
such as methyl-chloro cis—trans isomerization, take 
place on the NMR time scale. 

Surprisingly, the composition of 6a, containing the 
sterically demanding ligand 6 proved to be very com- 
plex. Adding one equivalent of 6 to (COD)Pd(CH , XC) 
led to very poor yields of 6a (14%). Use of a five fold 
excess of 6 yielded after washing an aggregate contain- 
ing 6a and 6 in a 1:1 ratio. Further washing resulted in 
formation of Pd black and the recovery of the 1:1 


aggregate. The 'H NMR spectrum of this aggregate 
shows a set of sharp signals of free 6 and a set of 
broadened signals of coordinated 6. The structure of 6a 
could be analyzed only with difficulty, since the usual 
indicator protons, H® and H“, are absent. The chemical 
shift for the methyl ligand in 6a is close to that in 13a 
and suggests a cis configuration. The chemical shift of 


Fig. 3. orTEP plot (drawn at the 50% probability level) of the 
molecular structure of [2-(N-2-propanecarbaldimino)-6-(methyl) 
pyridyl}methyl(chloro)palladium(II) (4a). 


Fig. 4. orTEP plot (drawn at the 50% probability level) of the 
molecular structure of 2-(N-propanecarbaldimino)-6-(carbaldimino) 
pyridylJmethy\(chloro)palladium(II) (7a). 


the methyl group, however, may be affected by severe 
distortions of the methyl and the chloride ligands with 
respect to the coordination plane. Some nuclear Over- 
hauser effect experiments performed to help to elucidate 
the configuration of 6a revealed a chemical exchange of 
coordinated and free ligand, indicating that 6 is only 
weakly bonded to Pd(II). This is confirmed by the rapid 
substitution of 6 to give 4a when an equimolar amount 
of 4 was added to 6a. 


2.2. Crystallographic section 


Crystals suitable for X-ray determination were ob- 
tained for 4a, 7a, lb and 2b by slow diffusion of diethyl 
ether into a dichloromethane solution of 4a, 7a and Ib, 
or by slow evaporation of the solvent from an acetoni- 
trile solution of 2b. The molecular structures of 4a, 7a, 
1b and 2b are presented in Figs. 3, 4, 5 and 6 respec- 
tively. Tables 2 and 3 list the bond distances and 
selected bond angles respectively, for the non-hydrogen 
atoms, and Table 5 later gives selected crystal data and 
refinement details. 

The complexes 4a, 7a, Ib and 2b all have the 
expected square planar arrangement of the ligands 
around the palladium metal. The organic group R in 4a, 
7a and 2b is trans with respect to N(1) and cis to N(2), 
i.e. the cis isomers are formed. It is interesting to note 
that, for 4a, only the cis isomer was found in the 
crystal, whereas in solution both isomers are present. 
The a-diimine ligands have bite angles of 77.8(4)- 
78.5(2)°, which are normal values for these types of 
ligands [2]. From Fig. 4 it can be seen that the formyl 
group has turned away from the palladium and does not 
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Fig. 6. oTEP plot of (drawn at the 50% probability level) tne 
Fig. 5. orrer plot (drawn at the 50% probability level) of the molecular structure of [2-(N-2-propanecarbaldimino)pyridy!] 
molecular structure of (bipyridyl)methyK(chloro)palladium(I1) (1b). methyl(chioro)palladium(I1) (2b). 


Table 2 
Bond distances (with estimated standard deviations in parentheses) for the non-hydrogen atoms of 4a, 7a, Ib, and 2b 


Bond distance (A) 
4a Ja 2b 


Pd-Cl 2.307(2) 2.312(2) 2.3191) 
Pd—C(11) 2.00%9) 2.012(8) 1.964(5) 
Pd—N(1) 2.260(5) 2.255) 2.1704) 
Pd—N(2) 2.0705) 2.06014) 2.063(3) 
C(1)-C(2) 1.3701) 1.397(10) 1.392(7) 
C(1)-C(6) 1.4509) 1.456(7) 1.465(6) 
C(1)-NQ) 1.363(7) 1.341(7) 1.3435) 
C(2)-C(3) 1.4001) 1.390(10) 1.400(7) 
c(3)-Cl4) 1.361) 1.3401) 1.3479) 
C(4)-C(5) 1.38(1) 1.3%1) 1.38%8) 
C(5)—C(7) 1.4801) 1.4701) _ 

C(5)—-N() 1.347(8) 1.357(7) 1.331(6) 
C(6)—N(Q2) 1.272(8) 1.283(8) 1.285(6) 
C(8)-C(9) 1.5101) 1.5001) 1.5168) 
C(8)—C(10) 1.501) 1.51(1) 1.527) 
C(8)—N(2) 1.495(8) 1.488(8) 1.4906) 
C(11)-C(12) 1.50%9) 
C(11)-O0 1.1747) 
C(7)-C(8) _ 

C(6)—C(7) i 

C(9)—C(10) — 

C(10)—N(2) — 

C(7)-O — 














Table 3 
Selected bond angles (with estimated standard deviations in parentheses) for the non-hydrogen atoms of 4a, 7a, Ib and 2b 


Bond angle (°) 
da Ib 


Cl-Pd-C(11) 85.2) 
Cl-Pd—N(1) 101.6(1) 
C(11)—Pd-N(2) 94.5(3) 
N(1)—Pd—N(2) 78.4(2) 
Pd—C(11)—C(12) _— 
Pd—C(11)-O — 
O(12)-C(11)-O — 
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C(3) 
cus “Cle) 


| 
C8) C(t) 
N(1) ~C(6) 


Cl— Pd-———N(2) 
C(11) 
Fig. 7. 


coordinate to the metal center. In Ib and 2b, the acetyl 
ligand lies in perpendicular position to the palladium 
coordination plane, in keeping with earlier reports 
[2a,16]. 

Comparison of the data for the corresponding com- 
pounds Pd, Cl, N(1), N(2), C(1), C(2), C(3), C(4), CLS), 
C(6) and C(11) (Fig. 7) in structures 4a—2b led to the 
following results. Taking 4a as reference the matching 
led to the following r.m.s. values: 4a—7a r.m.s., 0.08 A; 
4a—1b r.m.s., 0.20 A; 4a—2b r.m.s., 0.16 A. The great- 
est variation in distances are for those involving the 
chloride atoms of the compounds, with r.m.s. values of 
0.15, 0.39 and 0.34 A respectively. 


2.3. Carbonylation reactions of methylpalladium com- 
pounds la—I4a 


The methyl(chloro)palladium compounds la—Sa 
(Scheme 1) and the methylpalladium tetrafluoroborate 
compounds lla—14a were treated with CO in order to 
investigate their reactivity in CO insertion. 

For preparative purposes, Schlenk vessels containing 
a solution of la—Sa in dichloromethane or Lla—14a in 
acetonitrile were evacuated, flushed twice with CO and 
then filled with CO, and the mixture was stirred for 30 
min, during which a little palladium black was formed. 
Filtration gives the pure acetyl compounds 1b—14b. 

The half-lives for CO insertion were obtained by 
measuring the CO uptake with a gas buret (Table 4). 
Although use of high pressure 'H NMR spectroscopy 
for the determination of CO insertion half-lives was 
successful in the case of diphosphine palladium com- 


Table 4 


N. CHs 
C 
nN “cr 


plexes [6a,17], this method was unsuitable for most 
compounds containing nitrogen ligands, because inser- 
tion half-lives are too short for reliable measurement. 


3. Discussion 


Several features in the 'H NMR data are note wor- 
thy. Whereas for the free ligands the resonances of the 
pyridine protons appear in the sequence H*, H*, H’, 
H®°, those for the R-PyCa complexes normally appear 
in the sequence H*®, H*, H*, H®. The negative coordina- 
tion-induced shift (CIS) of H* can be attributed to the 
E-trans conformation of the free ligand. In this confor- 
mation, the nitrogen of the imino group points towards 
H® and the interaction between the hydrogen and the 
lone pair of the imine induces a low field shift for H°. 
The CIS of H® depends strongly on the arrangement of 
the ligands around the palladium center. If the complex 
has a cis configuration, the chloride ligand is close to 
H® and the strong deshielding effect of the chloride 
ligand increases the chemical shift for H°. 

The cis configuration is apparently the most 
favourable configuration for methyl(chloro)palladium 
complexes with non-symmetric R—PyCa ligands, in 
keeping with previous reports [11a,12]. The differences 
between the energies of the cis and the trans configura- 
tions are clearly small, since minor changes on either 
side of the ligand can affect the configuration. Appar- 
ently, a very delicate balance is reached in the case of 
the configurations of 2a, 2b, 5a and 5b for which both 
isomers occur, while the steric requirement of the acetyl 
ligand compared with that of the methyl ligand changes 
the cis: trans ratio in favour of the cis configuration. 
This is also clear for the ionic isomer 12a, in which the 


Half-lives for the carbonylation of la—14a, and IR data for Ib—14b * and related compounds taken from the literature 





Compound 


('Pr-6-Me—PyCa)Pd(CH , XCI) (4a) 
(('Pr-6-Me—PyCa)Pd(CH , )JBF, (14a) 
{(bipy)Pd(CH , )JBF,, (1a) 
[(‘Bu-PyCa)Pd(CH , ))BF, (13a) 
("Bu-PyCa)Pd(CH , XC1) (3a) 

((' Pr-PyCa)Pd(CH , )JBF, (12a° and 12a‘) 
(‘Pr-PyCa)Pd(CH , XCI) (2a° and 2a‘) 
(Phe—PyCa)Pd(CH , XCI) (Sa* and Sa‘) 
(bipy)Pd(CH , XCI) (1a) 
(‘Bu-—PyCa)Pd(CH , XCl)—‘ Bu—PyCa (6a) 


* [Pd] = 40 mM; P(CO) = 2 bar; T = 293 K 


Half-life (min:s) 


215 (+0: 
:00 (+0: 
:30(+0: 
:00 (+0: 
:30(+0: 
:00(+0: 
:00 (+0: 
745 (+0: 
:30(+0: 
instantaneous Pd blackening 


((CO) cm~') 
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R=iPr, CeC(O)CHs: Y=CHsCN/BFs 
R=Phe; C=C(O)CHs, Y=Ci 
R=iPr, C=CHs; Y=CHsCN/BF, 
Re=Phe; C=CHs; Y=Ci 

0.56 Re=iPr, C=C(O)CHs; Y=Ci 

0.79 R=iPr, C=CHs; Y=Cl 


Fig. 8. cis: trans ratios of 2a, 2b, Sa, Sb, 12a and 12b. 


oe2ea2e¢e0@ On g-e, pr 


chloride ligand has been replaced by an acetonitrile 
molecule. The preference for the cis configuration in- 
creases in the order 12b > 5b> 12a > 5a>2b> 2a 
(Fig. 8). 

The fact that the acetylpalladium compounds have a 
larger preference for the cis configuration can be at- 
tributed to the perpendicular position of the acetyl group 
with respect to the coordination plane. In this conforma- 
tion the acetyl group is less bulky than the methyl group 
and is sterically less constrained by the bulk of the 
substituent on the imino-nitrogen. The trans influence 
of the acetyl group, which is larger than that of the 
methyl group [18], also increases the preference for the 
cis configuration. The effect of acetonitrile on the ster- 
eochemistry can also be attributed to the lower steric 
hindrance. 

The higher trans influence of the methyl and the 
acetyl ligand than of the chloride ligand [18] is reflected 
in the longer Pd—N(1) distance (by 0.19 A for the 
methylpalladium compounds and by 0.09—0.11 A for 
the acetylpalladium compounds) with respect to the 
Pd—N(2) distance. The shorter Pd—C(11) distances in 
the acetylpalladium complexes 1b and 2b than in the 
methylpalladium complexes 4a and 7a (by about 0.05 
A) can be attributed to the shorter bonds found for 
sp*-hybridized carbon atoms in general. An intriguing 
discrepancy, however, is found for the Pd—N(1) bond 
distances, which are severely affected by the nature of 
the organic ligand in the trans position. These Pd—N(1) 
distances in 1b and 2b are about 0.11 A shorter than 
those in 4a and 7a, while the Pd—Cl and Pd—N(2) bond 
distances are not affected, and this must be due to the 
differences between the trans influences of the methyl! 
and the acetyl ligands. 

The acetyl ligand is known to have a larger trans 
influence than the methyl ligand [18] and this would be 
expected to lead to longer Pd—N(1) distances owing to 
o-bond destabilization of the Pd—N bond. However, 
shorter bonds are, in fact, found in Ib and 2b. Since the 
R-PyCa and bipy ligands have suitable pw, orbitals 
for m back donation, the trans influence of the acetyl 
ligand causes an increased d,.— pw, back donation 


from the palladium to the pyridyl moiety. Hence, a 
push—pull process is present which causes the Pd—N(1) 
distances in 1b and 2b to be shorter than in the methyl- 
palladium complexes 4a and 7a. 

The half-lives of the CO insertion for the neutral 
compounds la—3a are only slightly longer than those 
for the ionic methylpalladium analogues 1la—13a, and 
that for the neutral compound 4a is even shorter than 
that for the ionic compound 14a. However, different 
solvents were used for the neutral and the ionic com- 
pounds and so the half-lives cannot be compared, since 
not only are the solubilities of CO in the two solvents 
different, but also different mechanistic routes may 
apply, vide infra. Nevertheless, it is expected that the 
presence of acetonitrile will lower the rate of CO inser- 
tion since it acts as a competing ligand. 

The large differences in the half-lives between the 
various methylpalladium compounds are unexpected. 
The half-life clearly decreases with increasing steric 
hindrance on either side of the ligand. This surprising 
accelerating effect of a substituent adjacent to one nitro- 
gen donor atom was very recently also observed for 
complexes with trinitrogen ligands [19]. The accelerat- 
ing effect of a bulky group close to the N-donor func- 
tion, however, reaches a limit. For example, when 6a is 
treated with CO in dichloromethane, instantaneous for- 
mation of Pd-black is observed, and this is understand- 
able since too much steric hindrance will cause ineffi- 
cient bonding of the bidentate nitrogen ligand to the 
palladium atom, vide supra. 

We showed previously that compounds (P—P)- 
Pd(CH,XY) (Y = Cl”, CF,SO; or BF; ) containing 
flexible diphosphine ligands P—P with large bite angles 
show short half-lives for CO insertion, since the transi- 
tion state energy is when the CO and CH, groups will 
be forced closer together in the intermediate (P- 
P)Pd(CH ,XCO) [6a]. Therefore, we were rather sur- 
prised to find that methylpalladium compounds contain- 
ing these flexible bidentate nitrogen ligands 1-5 with 
small bite angles (76—80°) underwent much faster CO 
insertion than those containing diphosphines [7]. We 
observed similar fast insertion of CO into the Pd—C 
bond recently also for methylpalladium complexes with 
rigid bidentate nitrogen ligands that have comparable 
small bite angles. 

When we look at our earlier results [6,7] and those 
reported here in the light of other work [9a,20] we note 
that Natile and coworkers found that bidentate nitrogen 
ligands containing bulky groups adjacent to the N-donor 
functions cause deviations from planarity, as for exam- 
ple in (dmphen)Pd(CH ,XCl) (dmphen = 2,9-dimethyl- 
1,10-phenanthroline) [20], and these ligands also show a 
greater tendency to form five-coordinated complexes 
with alkenes [9b,11,20]. Strikingly, dmphen can, de- 
pending on the donor and acceptor properties of the 
ligand, bond in the trans position as a bidentate ligand 
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Scheme 2. Mechanism accounting for the accelerating effect of 
substituents adjacent to the nitrogen donor in the insertion reactions 
of CO with the complexes (N—N)Pd(CH , XC1). 


(acceptor in the trans position) or as a monodentate 
ligand (donor in the trans position) and can even adopt 
a coordination mode in between monodentate and 
bidentate [9b]. 

In a recent article on the rigid bidentate nitrogen 
ligand Ar-BIAN (Ar-BIAN = bis(arylimino)acenaph- 
tene) we have tentatively proposed a mechanism involv- 
ing dissociation of Cl~ to allow CO coordination, while 
the rigid N—N ligand remains bonded as a bidentate 
throughout the CO insertion [7a,b]. However, in the 
light of the previous discussion one might also propose 
for compounds (N—N)Pd(CH,, (Cl) the mechanism out- 
lined in Scheme 2 for the carbonylation of 4a, which is 
partly based on results reported by Natile and coworkers 
[9a]. 

According to Natile and coworkers, the first step 
involves (partial) dissociation of the nitrogen donor 
containing the bulky substituent. The resulting T-shaped 
intermediate II then isomerizes to the more stable T- 
shaped intermediate III] with CH, trans to Cl. Addition 
of CO gives intermediate IV; such species with CO cis 
to the CH, group have recently been observed [8]. 

A conceivable alternative pathway would involve an 
initial migratory insertion to give the product 4b via 
intermediate VIII. This is less likely, since CH, migra- 
tion would not be expected to occur for CH, trans to 
Cl. The more likely pathway involves the dissociation 
of Cl trans to CH, to give V, in which has a strong 
trans influence, so favoring isomerization to VI. De- 


pending on the solvent, this intermediate could be pre- 
sent as an ion pair, with a cationic palladium moiety 
and Cl~, or as separated ions. Migratory insertion might 
now occur in the (N-N)Pd(CH,XCO) plane to give, 
after reassociation of Cl, the final product 4b. It is also 
possible that V isomerizes to the TBP-shaped intermedi- 
ate VII. Since migratory insertion from VII is unlikely 
[21], this five-coordinated intermediate will be an unre- 
active species. This mechanism is attractive since it 
accounts for the rate-enhancing effect of bulky sub- 
stituents on the nitrogen and is in line with the observa- 
tion that both flexible and rigid bidentate nitrogen lig- 
ands may be in a monodentate bonding [9a,b,10]. The 
possibility cannot be excluded, however, that intermedi- 
ate V is formed directly from intermediate I by associa- 
tion of CO, facilitated by distortion from planarity 
induced by the substituent close to one N-donor func- 
tion. 

Enhancement of the rate of CO insertion was also 
observed in acetonitrile for the compounds [(N- 
N)Pd(CH ,XNCCH,)]Y containing weakly coordinating 
groups Y such as OTf or BF,. A similar mechanism 
may be proposed but with acetonitrile taking the coordi- 
nation position occupied by Cl” in the neutral com- 
pounds. It may well be, however, that in the case of 
weakly coordinating groups there is a direct substitution 
by CO, while the NN ligand remains bonded in a 
bidentate fashion. The rate-enhancing effect of steric 
bulk close to one of the N-donor atoms is then less 
easily explained. 

It remains likely that the mechanisms of CO insertion 
will differ for bidentate phosphine and nitrogen ligands. 
They may differ not only in terms of the dissociation of 
ligands and anions but also in respect of the sequence in 
which such processes take place, and different mecha- 
nisms could even operate simultaneously. 


4. Conclusions 


The methy(chloro)palladium compounds discussed 
undergo a very interesting isomerism, caused by the 
steric interactions of the substituents on the ligand. 
These interactions also have a large influence on the 
rate of CO insertion. The exact reason for this accelera- 
tion is not yet clear, and only a tentative but plausible 
mechanism can at present be put forward. 


5. Experimental details 


5.1. Materials and apparatus 


All manipulations were carried out under purified dry 
nitrogen by use of standard Schlenk techniques. Sol- 
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vents were dried and stored under nitrogen. Starting 
chemicals from Aldrich Chemicals, and carbon monox- 
ide 2.5 grade from HoekLoos were used without further 
purification except where otherwise indicated explicitly. 
The complex (COD)Pd(CH,XCI) was made from 
(COD)PdCl, by published methods [14,22]. 
Elemental analyses were carried out by the Elemental 
Analyses, Section of ITC-TNO, Zeist, The Netherlands. 
'H and “C NMR spectra were recorded on Bruker AC 
100 and AMX 300 spectrometers, and IR spectra on a 
Perkin—Elmer PE 283 spectrometer. 


5.2. Compounds 


5.2.1. Synthesis of 2-~(N-R-carbaldimino) -6-(R')-pyridine 

Compounds 2—6 were made by the procedure de- 
scribed by Lavery and Nelson [23] from pyridine-2- 
carboxaldehyde, 6-methylpyridine-2-carboxaldehyde or 
2,6-pyridinedicarboxaldehyde. Ligands 2, 3 and 6 were 
vacuum distilled and all ligands were purified over 
activated basic alumina prior to use. Ligand 7 was 
obtained as a side product from the trinitrogen analogue 
2,6-bis(isopropylcarbaldimino)pyridine [24] and was not 
purified, vide infra. 

2: green oil. 'H NMR (CDCI,): & 1.09 (d, 6H, 'Pr), 


3.44 (septet, 'Pr), 7.08 (dd, H®), 7.51 (t, H*), 7.81 (d, 
H*), 8.21 (s, H”), 8.42 (d, H®) ppm. 


3: pale-yellow oil. 'H NMR (CDCI,): 6 1.28 (d, 9H, 
‘Bu), 7.23 (dd, H*), 7.68 (t, H*), 7.96 (d, H*), 8.33 (s, 
H”), 8.59 (d, H®) ppm. 

4: orange oil. 'H NMR (CDCI,): 6 1.25 (4, 6H, ‘Pr), 
2.57 (s, 6-Me), 3.16 (septet, 'Pr), 7.18 (d, H®*), 7.59 (t, 
H*), 7.81 (d, H’), 8.35 (s, H’) ppm. 

5: orange oil. 'H NMR (CDCI,): 6 3.02 (t, 2H, H*), 
3.91 (t, 2H, H®), 7.22 (m, 6H, H + phenyl), 7.67 (t, 
H*), 7.96 (d, H®*), 8.28 (s, H’), 8.60 (d, H®) ppm. 

6: yellow oil. 'H NMR (CDCI,): 8 1.31 (s, 9H, 
"Bu), 2.60 (s, 3H, 6-Me), 7.17 (d, HD), 7.62 (t, H*), 
7.86 (d, H®), 8.35 (s, H’ ir 

7: 'H NMR (CDCI,): 1.25 (d, 6H, ‘Pr), 3.59 
(septet, ‘Pr), wetness og 7.8 (m, 3H, H*, H* and 
H®), 8.47 (s, H’), 10.10 (s, —CHO) ppm. 


5.2.2. Synthesis of methyl(chloro)palladium compounds 
la-Sa 

Compounds la—7a have been synthesized by substi- 
tution of COD in (COD)Pd(CH,)(Cl) in 
dichloromethane as reported recently [14]. 

la: pale-yellow microcrystals; yield, 85%. 'H NMR 
(CDCI, ): & 1.03, (s, 3H, Pd—Me) 7.51 (t, H®), 7.54 (t, 
H*), 7.96 (1, H* '), 8.06 (t, H*), 8.09 (d, H*), 8.14 (d, 
H*), 8.87 (d, H®), 9.19 (d, H®) ppm. 

2a: yellow microcrystals; yield, 96%. 'H NMR 
(CDCI,): 2a° & 1.01 (s, 3H, Pd—Me), 1.44 (d, 6H, 'Pr), 
4.31 (septet, 'Pr), 7.62 (dd, H*), 7.68 (d, H®), 7.98 (t, 
H*), 8.37 (s, H’), 9.12 (d, H®); 2a‘ 6 1.11 (s, 3H, 


Pd—Me), 1.48 (d, 6H, ‘Pr), 4.43 (septet, 'Pr), 7.58 (dd, 
H*), 7.68 (d, H*), 8.37 (t, H*), 8.27 (s, H’), 8.64 (d, 
H°) ppm. Anal. Found: C, 39.39; H, 4.89; N, 9.04. 
CoH, sCIN, Pd calc.: C, 39.37; H, 4.96; N, 9.18%. 

3a: yellow microcrystals; yield, 97%. ‘H NMR 
(CDCI,): 5 1.20 (s, 3H, Pd—Me), 1.57 (d, 9H, ‘Bu), 
7.58 (dd, H*), 7.73 (d, H*), 8.08 (t, H*), 8.20 (s, H”), 
8.61 (d, H®) ppm. Anal. Found: C, 41.27; H, 5.23; N, 
8.66. C,, H,,CIN, Pd calc.: C, 41.40; H, 5.37; N, 8.78%. 

4a: pale-yellow microcrystals; yield, 94%. 'H NMR 
(CDCI,): & 1.17 (s, 3H, Pd—Me), 1.38 (d, 6H, ‘Pr), 
3.00 (s, 6-Me), 4.21 (septet, 'Pr), 7.38 (d, H*), 7.80 (t, 
H*), 7.50 (d, H*), 8.38 (s, H’). Anal. Found: C, 41.43; 
H, 5.51; N, 8.76. C,,H,,CIN,Pd cale.: C, 41.40; H, 
5.37; N, 8.78%. 

Sa: orange microcrystals; yield, 89%. 'H NMR 
(CDCI,): 5a (cis) & 1.09 (s, 3H, Pd—Me), 3.08 (t, 2H, 
H*), 4.01 (t, 2H, H®), 7.20 (m, phenyl), 7.46 (d, H®), 
7.60 (ddd, H*), 7.77 (s, H’), 7.91 (dt, H*), 9.05 (d, 
H°); Sa (trans) 8 1.07 (s, 3H, P—Me), 3.25 (t, 2H, H*), 
4.09 (t, 2H, H®), 7.20 (m, phenyl), 7.52 (d, H*), 7.59 
(ddd, H*), 7.77 (s, H’), 8.01 (dt, H*), 8.62 (d, H®) 
ppm. 


5.2.3. Synthesis of [2-(N-2-(2-methyl)propanecarbal- 
dimino)-6-methylpyridyl] methyl(chloro)palladium( II) 
(6a) 

To a solution of 1.11 g (4.20 mmol) (COD)- 
Pd(CH,XCI) in 50 ml of CH,Cl, were added 3.6 ml 
(19.8 mmol; 4.7 equivalents) ‘Bu-6-Me—PyCa(6). The 
mixture was stirred for 1 h, the solvent then removed in 
vacuo, and the resulting green oil washed with 3 x 30 
ml of hexane and dried to constant weight. According to 

‘H NMR spectrum, the orange product 6a contains 
approximately 1 equivalent of the free ligand. 'H NMR 
(CDCI,): 5 1.22 (s, Me), 1.55 (s, 9H, ‘Bu), 2.92 (s, 3H, 
6-Me), 7.39 (d, H®), 7.46 (d, H®), 7.82 (t, H*), 8.36 (s, 
H’) ppm. 


5.2.4. Synthesis of 2-(N-propanecarbaldimino)-6-(car- 
baldimino)pyridine 7 and 2-(N-propanecarbaldimino)- 
6-(carbaldimino) pyridyl] methyl chloro)palladium(I1) 
(7a) 

A solution of 279.6 mg (2.1 mmol) of 2,6- 
pyridinedicarboxaldehyde and 176 wl (121 mg, 2.1 
mmol, 1.0 equivalent) of isopropylamine in 35 ml of 
dry diethyl ether was stirred over 3A molecular sieves 
for 4 days. After filtration and evaporation of the sol- 
vent, 195 mg of a mixture of the unsubstituted, mono- 
substituted and bis-substituted ligands in a 3: 1:3 ratio 
was obtained. 

Without separation of the products 26.5 mg (0.1 
mmol) of (COD)Pd(CH,XCI) in 5 ml of acetonitrile 
was treated with 25 wl of the mixture containing 13% 
of 7. The products were precipitated by the addition of 
5 ml of diethyl ether. The precipitate was isolated by 
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decantation washed with 3 ml of diethyl ether and dried 
in vacuo. This precipitate consists of 17% of 7a and 
83% of (2,6-bis(isopropylcarbaldimino)pyridyl)Pd- 
(CHCl) [24] as indicated by 'H NMR spectroscopy. 
Selective crystallization from acetonitrile yielded 
colourless cubic crystals of 7a with about 15% yield 
and the red crystals of (NNN)Pd(CH,XCI) with about 
80% yield. 

7a: 'H NMR (CDCI,): 6 1.05 (s, 3H, Pd—Me), 1.39 
(d, 6H, 'Pr), 4.21 (septet, 'Pr), approximately 8.10 (m, 
3H, H*, H* and H’°), 8.68 (d, H’), 10.99 (s, -CHO) 
ppm. 


5.2.5. Synthesis of ionic methylpalladium tetrafluorobo- 
rate complexes Ila—14a 

To a stirred solution of 0.05 mmol of la—4a in 3 ml 
of dry acetonitrile was added 0.05 mmol of silver 
tetrafluoroborate. The immediately formed white precip- 
itate was filtered off and the ionic methylpalladium 
complexes 1la—14a were precipitated by addition of 5 
ml of diethyl ether. The precipitate was isolated by 
decantation, washed with 2 ml of diethyl ether and 2 ml 
of pentane and dried in vacuo. 

11a: pale-yellow microcrystals; yield, 95%. 'H NMR 
(CD,CN): 6 1.11 (s, 3H, Pd—Me), 7.78 (m, 2H, H® and 
H®), 8.31 (m, 2H, H* and H®), 8.42 (m, H® and H®), 
8.65 (d, H™), 8.71 (H°) ppm. 

12a: yellow microcrystals; yield, 73%. 'H NMR 
(CD,CN): 12a 6 1.13 (s, 3H, Pd—Me), 1.44 (d, 6H, 
'Pr), 4.12 (septet, 'Pr), 7.19 (dd, H*), 8.01 (d, H®), 8.31 
(t, H*), 8.57 (s, H”), 8.61 (d, H®); 12a‘ 6 1.01 (s, 3H, 
Pd—Me), 1.45 (d, 6H, 'Pr), 4.20 (septet, ‘Pr), 7.87 (dd, 
H*), 8.06 (d, H*), 8.67 (s H’), 8.68 (d, H®), (H* 
concealed) ppm. 

13a: orange microcrystals; yield, 78%. 'H NMR 
(CD,CN): 5 1.25 (s, 3H, Pd—Me), 1.53 (s, 9H, ‘Bu), 
7.82 (dd, H®), 8.07 (d, H*), 8.33 (t, H*), 8.53 (s, H’), 
8.65 (d, H®) ppm. 

14a: yellow microcrystals; yield, 81%. 'H NMR 
(CD,CN); 5 1.21 (s, 3H, Pd—Me), 1.48 (d, 6H, 'Pr), 
2.77 (s, 3H, 6-Me), 4.19 (septet, 'Pr), 7.72 (d, H*), 7.86 
(d, H*), 8.14 (t, H*), 8.65 (s, H’) ppm. 


5.3. Carbonylation reactions 


5.3.1. Synthesis of acetylpalladium compounds 1b—4b 
and 11b—14b 

Synthesis on a preparative scale was carried out by 
keeping an evacuated Schlenk vessel containing a 
dichloromethane solution of about 20 mg of the methyl- 
palladium compound filled with CO at 1 bar for 45 min 
[6,7]. The solution was filtered and the solvent removed 
in vacuo. 

Ib: yellow crystals; yield, 82%. 'H NMR (CDCI,): 6 
2.67 (s, 3H, C(O)Me), 7.50 (t, H® and H®), 7.99 (t, H* 


and H“), 8.07 (d, H®), 8.15 (d, H*), 8.50 (d, H®), 9.02 
(d, H°) ppm. 

2b: orange crystals; yield, 97%. 'H NMR (CDC1,): 
2b‘ 5 1.36 (d, 6H, Pr), 2.65 (s, C(O)Me), 4.18 (septet, 
'Pr), 7.59 (dd, H*), 7.63 (d, H3), 7.97 (t, H*), 8.29 (s, 
H’), 8.97 (d, H®); 2b' 5 1.44 (d, 6H, 'Pr), 2.65 (s, 
C(O)Me), 4.16 (septet, 'Pr), approximately 7.6 (con- 
cealed, H® and H°), 8.05 (t, H*), 8.19 (s, H’), 8.42 (d, 
H°) ppm. Anal. Found: C, 39.61; H, 4.57; N, 8.31. 
C,,H,;CIN,OPd calc.: C, 39.66; H, 4.54; N, 8.41%. 

3b: pale-yellow microcrystals; yield, 87%. 'H NMR 
(CDCI,): & 1.50 (s, 9H, ‘Bu), 2.56 (s, 3H, C(O)Me), 
7.55-8.05 (m, 3H, H*, H*, H®), 8.13 (s, H’), 8.41 (d, 
H°) ppm. Anal. Found: C, 40.44; H, 4.85; N, 7.78. 
C,,H,7CIN,OPd calc.: C, 41.52; H, 4.94; N, 8.07%. 

4b: orange microcrystals; yield, 80%. 'H NMR 
(CDCI,): 6 1.35 (d, 6H, 'Pr), 2.66 (s, 3H, C(O)Me), 
2.90 (s, 3H, 6-CH,), 4.00 (septet, ‘Pr), 7.36 (d, H®), 
7.44 (d, H*), 7.81 (t, H*), 8.28 (s, H’) ppm. Anal. 
Found: C, 40.58; H, 4.72; N, 7.67. C,,H,,CIN,OPd 
cale.: C, 41.52; H, 4.94; N, 8.07%. 

Sb: orange microcrystals: yield, 77%. 'H NMR 
(CDCI,): 5b* 5 2.69 (s, 3H, C(O)Me), 2.91 (t, 2H, 
H"), 3.95 (t, 2H, H®), 7.2 (m, 5H, phenyl), 7.54 (m, 
H®*), 7.87 (s, H’), 7.91 (dt, H*), 8.78 (d, H®); Sb‘ 6 
2.64 (s, 3H, C(O)Me), 3.18 (t, 2H, H*), 3.98 (t, 2H, 
H®), 7.2 (m, 5H, phenyl), 7.54 H*), 7.78 (s, H’), 8.01 
(t, H*), 8.39 (d, H®°) ppm. 

11b: pale-yellow microcrystals; yield, 96%. 'H NMR 
(CD,CN): 8 2.32 (s, 3H, C(O)Me), 7.78 (m, 2H, H® 
and H®), 8.30 m (2H, H® and H*), 8.41 (t, 2H, H* and 
H*), 8.76 (d, H®), 8.82 (d, H®) ppm. 

12b: yellow microcrystals; yield, 67%. 'H NMR 
(CD,CN): 6 1.42 (d, 6H, ‘Pr), 2.68 (s, 3H, C(O)Me), 
4.03 (septet, ‘Pr), 7.82 (dd, H*), 7.98 (d, H*), 8.29 (t, 
H*), 8.40 (d, H®), 8.52 (s, H’) ppm. 

13b: orange microcrystals; yield, 69%. 'H NMR 
(CD,CN): 6 1.49 (s, 9H, ‘Bu), 2.70 (s, 3H, C(O)Me), 
7.9 (dd, H*), 8.01 (d, H*), 8.31 (m, 2H, H* and H°), 
8.43 (s, H’) ppm. 

14b: yellow microcrystals; yield, 73%. 'H NMR 
(CD,CN): 5 1.41 (d, 6H, 'Pr), 2.71 (s, 3H, C(O)Me), 
2.72 (s, 3H, 6-Me), 3.89 (septet, Pr), 7.67 (d, H®), 7.80 
(d, H*), 8.10 (t, H*), 8.55 (s, H’) ppm. 


5.3.2. Determination of the half-life for insertion of CO 

The half-lives were determined at 293 K by use of a 
home-made gas buret. In a typical experiment, a 12 ml 
vessel was filled under nitrogen with 5 ml of a 0.4 mM 
solution of the methylpalladium complex (see Table VII 
for the solvent) and the solution was stirred. The vessel 
was carefully evacuated three times and connected to 
the CO-filled gas buret. The measurement was started 
by opening the valve betwen the CO and the vigorously 
stirred solution of the methylpalladium compound. When 
the equilibrium was reached, the time for take-up of 
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every 0.25 ml of CO was recorded until the CO uptake 
had stopped (i.e. at least three half-lives) and the half-life 
was calculated. Blank experiments in several solvents 
showed that the time for diffusion of CO was about 
20 s. 


5.3.3. X-ray data collection and structure refinement 

Data for all four crystals were collected on a Enraf— 
Nonius CAD-4 diffractometer using graphite monochro- 
mated radiation, Cu Ka for Ib and 2b and Mo Ka for 
4a and 7a, and w—26 scan. The number of reflections 
measured was 3909 of which 2834 were treated as 
observed (significance level of 2.5 o(/)) in the range 
0<A< 35, 0< k < 35, O</!< 11, maximum 
(sin 0)/A =0.70 for 4a, 5630/3225, —13 <h < 13, 
0<k<18, 0</<21, (sin 6)/A=0.80 for 7a, 
1318/1272, -—9<h<0, -—13<k<0, 0</< 18, 
(sin 0)/A = 0.63 for Ib and 2626/2476, —9 <h <0, 
—9<k<9, —14</1< 14, (sin 6)/A=0.63 for 2b. 
All structures were solved by direct methods. 

The positions of the hydrogen atoms were calculated. 
Full-matrix least-squares refinement on F anisotropic 
for the non-hydrogen atoms and isotropic for the hydro- 
gen atoms, with the latter restrained in such a way that 
the distance to their carrier remained constant at approx- 
imately 1.09 A, converged to the values tabulated in 
Table V. The weighting scheme used was w~' = (A + 


Table 5 
Crystal and refinement data for 4a, 7a, Ib and 2b 


F.,, + BF,,,)”'. An empirical absorption correction was 
applied [26]. The anomalous scattering of Pd and Cl 
was taken into account. Scattering factors were taken 
from the litterature [27]. All calculations were per- 
formed with xTAL [28] unless stated otherwise. For 1b, 
which has chiral overall packing, the absolute structure 
was determined by additional refinement of the inverted 
structure (Table 5). 

Tables of thermal parameters and H atom coordi- 
nates, and complete lists of bond lengths and angles 
have been deposited at the Cambridge Crystallographic 
Data Centre. 
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Abstract 


1,I'-Bis(diphenylphosphino)ferrocene (dppf) reacted with RuCKPh,P),Cp* to give RuCKdppf)Cp* in good yield. The complex 
reacted with AgBF, in acetonitrile to give [Ru(CH ,CN) (dppf)Cp * JBF, quantitatively and in acetone to give [Ru(n-O.,) (dppf)Cp * JBF, 
in good yield. The structure of the latter was determined by X-ray analysis. (+)-BINAP and (+)-DIOP were reacted with 
[RuCl,Cp*],/Zn to give RuCi{(+)-BINAP)Cp* and RuCi{(+)-DIOP)|Cp*, respectively, in moderate yields. They reacted with 
phenylacetylene in the presence of NH ,PF, to afford the corresponding Ru" phenylacetylide complexes. The asymmetric condensation of 


phenylacetylene with ally! alcohol in the presence of these diphosphine complexes was unsuccessful. 


Keywords: \ron; Ruthenium 





1. Introduction 


Ruthenium complexes are versatile and capable of 
catalyzing a variety of organic reactions, and for this 
reason have been investigated from many viewpoints 
[1,2]. Ruthenium complexes of the half-sandwich type 
having a cyclopentadienyl (Cp) ligand are stable and 
their structure and reactivity have been fully investi- 
gated [3]. Recently, various types of ruthenium com- 
plexes containing a permethylcyclopentadienyl (Cp* ) 
ligand, which can stabilize metal complexes by its steric 
and electronic effect [4], have been reported [S—12]. In 
addition, quite a number of ruthenium complexes con- 
taining phosphines as an additional ligand have been 
prepared [13-20]. Of these complexes, a considerable 
number are stable despite containing a coordinatively 
unsaturated Ru atom as a result of the steric effect of 
the bulky ligand [17a]. The possibility that the arrange- 
ment of coordinatively unsaturated Ru atom in the 
proximity of ferrocene may result in a dative Fe—Ru 
bond is interesting because such a dative bond has been 
recently reported in Ru cluster complexes [21]. Also, it 
is known that the optically active Ru-phosphine com- 
plex is an effective asymmetric catalyst [22]. We report 
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here the synthesis and some properties of Cp* Ru com- 
plexes involving dppf, (+)-BINAP and (+ )-DIOP lig- 
ands. 


2. Results and discussion 


The reaction of RuCKPPh,),Cp* (1) [13,16,23] with 
1,1'-bis(diphenylphosphino)ferrocene (dppf) in refluxing 
benzene gave RuCKdppf)Cp* (2) in excellent yield. 
The 'H NMR spectrum of 2 showed the proton signal of 
the Cp* ligand at 5 1.02 ppm and those of the fer- 
rocene rings at 5 3.87, 4.06, 4.16 and 5.14 ppm, 
respectively. Such an asymmetric pattern for the proton 
signals of the ferrocenyl ring seems to indicate a stepped 
conformation [24] for 2. 

Reaction of 1 with (+)- and (—)-2,2’-bis(diphenyl- 
phosphino)binaphthalenyl [(+)- and (—)-BINAP] or 
(+)- and (—)-2,3-O-isopropylidene-2,3-dihydroxy-1,4- 
bis(diphenylphosphino)butane [(+)- and (—)-DIOP] in 
refluxing benzene was unsuccessful. Hence, the method 
using a coordinatively unsaturated complex [Cp* Ru- 
( u,-Cl)], [10a,25] was employed. (+)- and (—)-BI- 
NAP were reacted with [Cp* RuCl, ], in the presence of 
zinc powder to give Cp*[(+)-BINAPJRuCl and 
Cp *[(—)-BINAP]JRuCl (3 and 4), respectively, in mod- 
erate yields. Similarly, the reaction of [Cp* RuCl,], 
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Scheme 1. 


with (+)- and (—)-DIOP in the presence of zinc af- 
forded Cp*[{(+)-DIOP]RuCl or Cp*[{(—)-DIOP]RuCl 
(5 and 6), respectively, in good yield (see Scheme 1). 

The structures of 3-6 were confirmed from their 'H 
NMR spectra and by elemental analyses. The 'H NMR 
spectrum of 3 showed the methyl protons of the Cp* 
ligand at 5 1.10 ppm and the aromatic protons at 6 
6.06—7.70 ppm in a pattern which was similar to that of 
the starting (+)-BINAP. In the 'H NMR spectrum of 5, 
the protons of the Cp” ligand resonated at 5 1.08 ppm, 
the unequivalent methyl protons at 5 1.19 and 1.22 
ppm, the methyne protons at 6 3.49 and 4.09 ppm, and 
the methylene protons at 5 2.04, 2.68, 3.10 and 3.70 
ppm, respectively. The assignment of the methyne and 
methylene signals was accomplished by 2D H,H- and 
C,H-COSY experiments. The optical rotation of 3 and 4 
indicates that the optical activity of the ligand is main- 
tained in these complexes. 

Reaction of 1 with AgBF, in acetonitrile gave the 
cation complex 7, in which acetonitrile coordinated to 
the metal as yellow crystals in good yield. Its structure 


was determined on the basis of the IR and 'H NMR 
spectra, and from elemental analysis. The IR spectrum 
of 7 showed the C=N stretching vibration of the coordi- 
nating acetonitrile at 2260 cm~' and the absorption 
band characteristic of a BF, anion at 1134 cm™~'. In the 
'H NMR spectrum of 7 the proton signal of the coordi- 
nating acetonitrile was observed at 5 2.94 ppm and that 
of the Cp* ligand at 5 1.06 ppm. The ring protons of 
the ferrocene moiety resonated at 5 4.04, 4.19, 4.33 and 
4.34 ppm, respectively. The unusual deshielding (4 ~ 
1.0 ppm) of the methyl protons of the coordinating 
acetonitrile may be caused by steric forcing of these 
protons into the deshielding zone of the ferrocene 
molecule. 

On the other hand, reaction of 1 with 1 equiv. of 
AgBF, in acetone gave the oxidized complex 8 as dark 
brown crystals (see Scheme 2). Complex 8 exhibited the 
BF, group absorption at 1154 cm~' but no carbonyl 
absorption. In the 'H NMR spectrum of 8, the proton 
signals of the ferrocenyl ring resonated at 5 4.28, 4.51, 
4.59 and 5.15 ppm, and the methyl proton of the Cp* 
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ligand at 6 1.25 ppm. No signal was observed for the 
coordinating acetone. Hence, because of its similarity 
with the reaction product of RuCK(dppe)Cp* and AgBF, 
[26], complex 8 is assigned as [Ru(n*-O, Xdppf)Cp * }- 
BF,. The observation of the O—O stretching vibration at 
840 cm~' supports this assignment (the O—O stretching 
vibration is normally observed at 800-900 cm~') [27]. 
An X-ray single-crystal analysis has established the 
structure of 8. The corresponding crystallographic pa- 
rameters are collected in Table 1, the orTEP view of 8 is 
shown in Fig. 1 and selected bond distances and bond 
angles are given in Table 2. The O(1)—O(2) distance is 
1.381(11) A which is similar to that in [Ru(n? -O,) 
(dppe)Cp * JBF, [1.398(S), A] [26] and [RuH( 7’ -O,) (di- 
ppe), JBPh, [1.360(10) A) [28] and [Ru(n?-O, ) (P~ 
O)Cp* IBPh, [1.394(9) A] [29]. The O—O distance is 
approximately intermediate between the reported perox- 
ide (1.49 A in H,O,) [30] and superoxide distances 
(1.28 A in KO,) [27], suggesting that complex 8 should 
formally be considered as an Ru'Y complex. This sug- 
gestion is supported by the observation that the ring- 
carbon resonance of the Cp” ligand in the ' °C NMR 
spectrum (6 108.71 ppm) appeared in the down-field 
region similar to that in the Ru'’ complex, 
[RuBrCp)Cp*]* (6 112.4 ppm), in contrast to the 
corresponding carbon resonance of the Ru" complex, 
RuCK(dppf)Cp* (5 88.57 ppm). The Ru—O distances, 
2.035(8) and 2.02%8) A, are similar to those in [Ru(?- 


Table 1 

Crystal and intensity collection data for 8 

Molecular formula C,,H,,BF,O,P, FeRu 
Molecular weight 909.50 

Crystal system monoclinic 

Space group P21/a(No. 14) 
a(A) 15.1936) 

b(A) 25.08(1) 

c (A) 11.01066) 

BO) 109.6% 4) 

v (A) 3951(3) 

Z 4 

D.,, (g em~*) 1.53 

Crystal dimensions (mm) 0.22 x 0.24 «0.12 
Linear absorption coefficient(cm™') 8.761 

Radiation (A, A) Mo Ka (0.71073) 
Reflection limits (hk/) 19<hA< 18, -—7<k < 32, 





Total no. of reflections measured 

No. of unique reflections 

No. of reflections used in least squares 
Least-squares parameters 

R 


R, 


Max. peak in final Fourier map, e A~* 
Min. peak in final Fourier map, e A~* 





0, 2) (dppe)Cp* JBF, [2.040(3) and 2.023(3) A] [26] and 
[RuH(°-O, Xdippe), JBPh, [2.04(1) and 2.00(1) A] [28]. 
The results described above seem to suggest that the 


Fig. 1. orTEP view of complex 8. 





124 M. Sato, M. Asai / Journal of Organometallic Chemistry 508 (1996) 121-127 


Table 2 
Selected bond distances (A) and bond angles (°) for 8 


Bond distances 
Ru-P(1) 
Ru-O(1) 
Ru-C(11) 
Ru-C(13) 
Ru-—C(15) 
P(2)—C(6) 





2.408(3) 
2.036(8) 
2.28% 11) 
2.301(10) 
2.266(11) 
1.790(11) 


Ru—P(2) 
Ru-—O(2) 
Ru—C(12) 
Ru-—C(14) 
P(1)—C() 
O(1)-O(2) 


2.3903) 
2.02%8) 
2.33% 11) 
2.234(12) 
1.812(11) 
1.381(11) 


Bond angles 
P(1)—Ru—P(2) 
P(1)—Ru—O(2) 
P(2)—Ru—O(2) 
Ru-—P(1)-C(1) 
Ru—P(1)—C(27) 
Ru-P(2)—C(33) 


91.6(1) 
106.93) 
80.0(3) 
119.8(4) 
109.0(4) 
117.8(4) 


P(1)—Ru-O(1) 
P(2)—Ru-—O(1) 
O(1)—Ru-O(2) 
Ru—P(1)—C(21) 
Ru—P(2)—C(6) 
Ru—P(2)—C(39) 


77.63) 
107.1(3) 
39.714) 
119.2(4) 
116.5(4) 
114.4(4) 





reaction between 1 and an Ag* ion in acetone initially 
yields a coordinatively unsaturated Ru complex, which 
may be weakly coordinated by acetone. The complex 
then absorbs oxygen from the atmosphere to give the 
dioxygen complex 8. A partial electronic interaction 
between the Fe atom of the ferrocene moiety and the Ru 
site may be anticipated in 8, because ferrocene is an 
electron-rich system and the Ru atom is in the electron- 
deficient Ru’ state. However, upon refluxing a solution 
of 8 in acetonitrile, no removal of the n-O, ligand was 
observed as in the similar reaction of Ru(7-O,) 
(dppe)Cp* [26]. Hence, there is little, if any, electron 
donation from the Fe atom to Ru atom in complex 8. 
Complexes 3—6 reacted with phenylacetylene in the 
presence of NH,PF,, and following treatment with base 
gave the Ru" phenylacetylide complexes 9-12, respec- 
tively, in moderate yield (see Scheme 3). The structures 
of complexes 9—12 have been confirmed by elemental 
analysis, and by IR and 'H NMR spectroscopy. Thus, 
for example, the C=C stretching vibration appeared at 
2072 cm™~' in the IR spectrum of 11, while in the 'H 
NMR spectrum this complex the isopropyl protons res- 
onated at 5 1.02 and 1.20 ppm, the methyl proton of the 
Cp* ligand at 6 1.21 ppm, the methyne protons at 6 
3.47 and 4.38 ppm, and the methylene protons at 6 


PhC=CH 


1.96, 2.79, 3.04 and 4.03 ppm, respectively. Signal 
assignment has been based on the similarity to the 
spectrum of the starting complex 5. It has been reported 
recently that the reaction of phenylacetylene with allyl 
alcohols proceeds catalytically in the presence of 
Cp(Ph,P),RuCl and NH,PF, [31]. For this reason, a 
similar catalytic reaction of phenylacetylene with allyl 
alcohol in the presence of complexes 3—6 and NH, PF, 
was attempted. However, the desired reaction was not 
observed. This lack of success may probably be at- 
tributed to steric hindrance caused by the bulky Cp* 
ligand in complexes 3-6. 


3. Experimental details 
3.1. General 


[Cp* RuCl,], [10a] and Cp*(Ph,P),RuCl (1) [23] 
were prepared by literature methods. All the other 
chemicals were reagent grade and were used as received 
from common commercial sources. Solvents were dried 
by standard procedures. IR spectra were recorded as 
KBr pellets on a Hitachi 270-50 spectrophotometer. 'H 
and ‘°C NMR spectra were recorded on a Bruker AM- 
400 instrument using TMS as internal standard. 1p 
NMR signals were referred to external 85% H,PO, as 
standard. 


3.2. Preparation of Cp* (dppf)RuCl (2) 


A suspension of 1 (0.41 g, 0.52 mmol) and dppf 
(0.29 g, 0.52 mmol) in benzene (25 ml) was heated at 
reflux for 2 h under dinitrogen. The resulting yellow 
powder was filtered and dried. Yield, 0.39 g (90%). 
Recrystallization from toluene gave an analytical sam- 
ple. M.p. 205°C. Analysis: found: C, 65.70; H, 5.44%. 
C,,H,,CIPFeRu - 1/2C,H,CH, requires: C, 65.41; H, 
5.43%. 'H NMR (CDCI,) 6: 1.02 (s, 15H); 3.87, 4.06, 
4.16, 5.14 (s X 4, 8H); 7.31-7.67 (m, 20H) ppm. °C 
NMR (CDCI,) 6: 8.79 (C;Me,); 88.57 (C;Me,); 
126.3—134.7 (m, Ph) ppm. 


1) NH,PFe 
a 
2) AlzO5 


9 (+)-BINAP 
10 (-)- BINAP 
11 (+) - DIOP 
12 (-)-DIOP 
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3.3. Preparation of Cp* [( +)-BINAP]RuCl (3) 


A mixture of [Cp*RuCl,], (92 mg, 0.3 mmol), 
(+)-BINAP (187 mg, 0.3 mmol) and Zn powder (92 
mg, 1.4 mmol) in benzene (10 ml) was stirred under 
dinitrogen bubbling for 6 h at room temperature. After 
addition of hexane (10 ml), the reaction mixture was 
filtered. On cooling the filtrate, orange crystals of 3 
precipitated. Yield, 80 mg (30%). M.p. 287°C. Analy- 
sis: Found: C, 72.31; H, 5.41%. C.,H,,P,CIRu re- 
quires: C, 72.51; H, 5.30%. 'H NMR (CDCI,) 5: 1.10 
(s, 15H, Me—Cp); 6.04-7.70 (m, 32H, Ph) ppm. *'P 
NMR (CDCI,) 5: 40.76 (d, J=51 Hz); 49.34 (d, 
J = 51 Hz) ppm. [a], = 1091°. 

Cp *[(—)-BINAP]RuCl (4) was prepared in a similar 
manner. Yield, 80 mg (30%). M.p. 285°C. Analysis: 
Found: C, 72.78; H, 5.44%. C.,H,,P,CiRu requires: C, 
72.51; H, 5.30%. 'H NMR (CDCl, ) 8: 1.10 (s, 15H, 
Me—Cp); 6.04—7.70 (m, 32H, Ph) ppm. [a], = 
— 1026°. 


3.4. Preparation of Cp* [(+)-DIOP]RuCl (5) 


A mixture of [Cp* RuCl,], (92 mg, 0.3 mmol), 
(+)-DIOP (147 mg, 0.3 mmol) and Zn powder (92 mg, 
1.4 mmol) in benzene (10 ml) was stirred under dinitro- 
gen bubbling for 6 h at room temperature. After evapo- 
ration, the oily residue was dissolved in acetonitrile (1 
ml) and the solution was then cooled on an ice bath to 
give 5 as orange crystals (120 mg, 52%). M.p. 264°C. 
Analysis: Found: C, 64.20; H, 6. 15%. C,,H,,ClO,P,Ru 
requires: C, 63.93; H, 6.15%. 'H NMR (CDCI,) 5: 
1.08 (s, 1SH; Me—Cp); 1.19, 1.22 (s, 3H, Me); 2.04, 
2.68, 3.10, 3.70 (m, 1H, CH,); 3.49, 4.09 (m, 1H, CH); 
7.05-7.67 (m, 20H, Ph) ppm. °C NMR (CDCI,) 6: 
9.06 (s, C,Me,); 26.89, 27.18 (s, Me); 29.70 (d, J = 
21.3 Hz, CH,); 36.48 (dd, J = 24.0, 5.6 Hz, CH,); 
74.68 (d, J = 12.2 Hz, CH); 80.12 (d, J = 7.7 Hz, CH); 
107.95 (s, C); 127.3-142.2 (m, Ph) ppm. ““P NMR 
(CDCI,) 5: 30.79 (d, J = 38 Hz); 34.47 (d, J = 38 Hz) 
ppm. [a], = 65°. 

Cp *{(—)-DIOP]RuC! (6) was prepared in a similar 
manner. Yield, 120 mg (52%). M.p. 262°C. Analysis: 
Found: C, 64.03; H, 6.17; N, 0.88%. C4,H4,ClO,P,Ru 

-1/2CH,CN requires: C, 63.78; H, 6.18; N, 0.68%. 'H 
NMR (CDCI,) 5: 1.08 (s, 1SH, Me—Cp); 1.19, 1.22 
(s, 3H, Me); 2.04, 2.68, 3.10, 3.70 (m, 1H, CH); 3.49, 
4.09 (m, 1H, CH); 7.05—7.67 (m, 20H, Ph) ppm. [a], 
= —62°. 


3.5. Preparation of [Ru(CH,CN)(dppfCp* /BF, (7) 


To a suspension of 2 (42 mg, 0.05 mmol) in anhy- 
drous acetone (5 ml) was added AgBF, (10 mg, 0.05 
mmol). The mixture was stirred for 2 h under a dinitro- 
gen atmosphere. The reaction mixture was evaporated 


and the residue dissolved in CH,Cl, (S ml). After the 
mixture had been filtered and the solvent evaporated, 
the residue was dissolved in CH,CN (2 ml) and the 
solution diluted with anhydrous ether (7 ml). On storing 
the solution in a refrigerator overnight, yellow crystals 
(36 mg, 76%) were obtained. M.p. 210°C. Analysis: 
Found: C, 60.33; H, 5.34; N, 2.65%. C,,H,,BF,NP,- 
FeRu - CH,CN requires: C, 60.07; H, 5.14; N, 291%. 
'H NMR (cpcl, ) 5: 1.06 (s, 3H, Me—Cp); 2.94 (s, 
3H, CH,CN); 4.04, 4.19, 4.33, 4.34 (bs, 2H, Fe); 
7.41-7.72 (m, 20H, Ph) ppm. ‘ip NMR (CDCI,) 6: 
44.67 ppm. IR (KBr) (cm~'): 2260 (C=N); 1134 (BF,). 


3.6. Preparation of [Ru(n-O,)(dppfCp* ]BF, (8) 


To a suspension of 2 (42 mg, 0.05 mmol) in anhy- 
drous acetone (5 ml) was added AgBF, (10 mg, 0.05 
mmol). The mixture was stirred for 2 h in air. After the 
reaction mixture had been filtered, the filtrate was di- 
luted with anhydrous ether (S ml). On storing the 
solution in a refrigerator overnight, brown crystals (31 
mg, 70%) were obtained. M.p. 172°C. Analysis: Found: 
C, 57.97; H, 5.09%. C,,H,,BF,O,P, FeRu requires: C, 
58.11; H, 4.93%. 'H NMR (acetone-d,) 5: 1.25 (s, 3H, 
C,Me,); 4.28 (bs, 2H, Fe-B); 4.51 (bs, 2H, Fe-a); 4.59 
(bs, 2H, Fe-B); 5.15 (bs, 2H, Fe-a); 7.46-7.85 (m, 
20H, Ph) ppm. °C NMR (acetone-d,) 5: 9.43 (Me— 
Cp); 70.76 (Fe-B); 74.86 (Fe-a); 75.44 (Fe-B); 76.09 
(Fc-a); 87.08 (Fe-ipso); 108.71 (C,Me,); 128.30 (Ph- 
ipso), 129.14, 129.41 (Ph-m); 132.17, ‘13. 56 (Ph-p); 
134.69, 136.82 (Ph-o); 135.76 (Ph-ipso) ppm. *'P NMR 
(CDCI,) 5: 38.57 ppm. IR (KBr) (cm~'): 1154 (BF,); 
840 (O—0). 


3.7. Reaction of 3-6 with PhC=CH 


A mixture of 3 (55 mg, 0.06 mmol), PhC=CH (2 
drops) and NH,PF, (10 mg, 0.06 mmol) in MeOH (5 
ml) was stirred under dinitrogen for 2 h at room temper- 
ature. After evaporation, the residue was chro- 
matographed on Al,O, by elution with CHCl, to give 
9 as orange crystals (24 mg, 42%). Recrystallization 
from MeOH/CH,Cl, gave an analytical sample. M.p. 
205°C (dec.). Analysis: Found: C, 72.26; H, 5.23%. 
C.,H,,P,Ru - 1/2CH,Cl, requires: C, 72.53; H, 
5.47%. IR (KBr) (cm~'): 2077 (C=C). 'H NMR 
(CDCI,) &: 1.27 (s, 1SH, Me); 6.09-7.95 (m, 37H, 
Ph + Naph) ppm. °C NMR (CDCI,) 8: 9.77 (C,Me,); 
94.04 (C,Me,); 111.95 (=CPh); 122- 141.5 (m, Ph + 
Naph + RuC =) ppm. 

Complex 10 was prepared in a similar manner. M.p. 
205°C. Analysis: Found: C, 72.26; H, 5.29%. 
C,,H,.P,Ru - 1/2CH,Cl, requires: C, 72.53; H, 
5.47%. IR (KBr) (cm™'): 2076 (C=C). 'H NMR 
(CDCI,) 5: 1.27 (s, 1SH, Me); 6.09-7.95 (m, 37H, 
Ph + Naph) ppm. NMR (CDCI,) 8: 9.77 (C,Me,); 
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94.04 (C;Me,); 111.95 (=CPh); 122-141.5 (m, Ph + 
Naph + RuC=) ppm. 

To a solution of 5 (59 mg, 0.08 mmol) in MeOH (2 
mil) and CH,,Cl, (5 ml) were added PhC=CH (2 drops) 
and NH,PF, (13 mg, 0.08 mmol). The mixture was 
stirred under dinitrogen for 2 hr at room temperature. 
After evaporation, the residue was chromatographed on 
Al,O, by elution with CH,Cl, to give 11 as yellow 
crystals (35 mg, 52%). Recrystallization from cyclohex- 
ane/CH,Cl, gave an analytical sample. M.p. 220°C. 
Analysis: Found: C, 70.49; H, 6.37%. C49H,,O,P,Ru 
requires: C, 70.40; H, 6.27%. 'H NMR (CDC1,)8: 1.02 
(s, 3H, Me); 1.19 (s, 3H, Me); 1.21 (s, 1SH, Me—Cp); 
1.96, 2.79, 3.05, 4.03 (m, 1H, CH); 3.47, 4.39 (m, 1H, 
CH); 6.93-8.08 (m, 15H, Ph) ppm. IR (KBr) (cm~'): 
2072 (C=C). 

Complex 12 was prepared in a similar manner. M.p. 
220°C. Analysis: Found: C, 70.53; H, 6.23%. 
C,.H,,0,P,Ru requires: C, 70.40; H, 6.27%. 'H NMR 
(CDCI,) 5: 1.02 (s, 3H, Me); 1.19 (s, 3H, Me); 1.21 (s, 
15H, Me—Cp); 1.96, 2.79, 3.05, 4.03 (m, 1H, CH,); 
3.47, 4.39 (m, 1H, CH); 6.93—8.08 (m, 15H, Ph) ppm. 
°C NMR (CDCI,) 5: 9.35 (C,Me,); 26.63, 27.24 
(Me); 31.91 (d, J = 28.0 Hz, CH, ); 37.43 (dd, J = 23.9, 
5.6 Hz, CH,); 74.70 (d, J = 11.4 Hz, CH); 80.16 (dd, 
J = 7.8, 1.6 Hz, CH); 92.90 (C,Me,); 107.95 (CMe,); 
111.80 (=CPh); 122.7-141.4 (Ph + RuC=) ppm. IR 
(KBr) (cm~'): 2071 (C=C). 


3.8. Catalytic reaction of PhC=CH with allyl alcohol 


A mixture of PhC=CH (0.1 ml, 1 mmol), allyl 
alcohol (4 ml), Cp*[(+)-BINAP]RuCl (54 mg, 0.06 
mmol), and NH, PF, (16 mg, 0.1 mmol) was heated at 
100°C in a sealed tube for 10 h. After evaporation of the 
allyl alcohol, the residue was chromatographed on SiO,. 
Only a trace amount of PhCH,COCHCHCH, was iso- 
lated however. 'H NMR (CDC1,)8: 1.87 (dd, J = 7.2, 
1.8 Hz, 3H, Me); 3.81 (s, 2H, CH,); 6.16, 6.92 (m, 1H, 
CH); 7.24 (m, 5H, Ph) ppm. 


3.9. Structure determination 


Crystal data for 8: C,,H,,BF,O,P,FeRu, FW = 
909.50; monoclinic, P21/a; a= 15.1936), b= 
25.08(1), c = 11.010(6) A; B = 109.694); V = 3951(3) 
A’; Z=4; D.,. = 1.53 g cm~*; w(Mo Ka) = 8.761 
cm~'; T = 298 K; crystal size 0.22 x 0.24 x 0.12 mm. 

Data collection was performed at room temperature 
on a Mac Science MXCI18K diffractrometer with 
graphite monochromated Mo K a radiation and a 18-kW 
rotating anode generator. Of 8965 reflections collected, 
8029 reflections were unique, of which 8606 reflections 
with />3.00 o (J) were used for refinement. The 
structure was solved using the Dirdif—Patty method 
with CRYSTAN-G (software package for structure deter- 


mination) and refined by a full-matrix least-squares 
procedure. Absorption correction with the scan 
method and anisotropical refinements for non-hydrogen 
atoms were carried out; R = 0.075 and Rw = 0.078. 
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Abstract 


The **Mn and '*’Re NOR spectral parameters for cyclopentadieny tricarbonyl complexes of these metals at 77 K are presented. An 
analytical dependence between e7Qq,, and 7 has been shown to exist. Such dependence may be associated with slow mutual 


electron—nuclear motions in these complexes. 


Keywords: Manganese; Rhenium; Carbonyls; Nuclear Quadrupole Resonance; Electron—nuclear motions 





1. Introduction 


The mechanism of bond formation between the cy- 
clopentadieny! ring and a metal atom is a problem that 
has not yet been resolved. The basic reason for this 
situation is that methods usually employed for studying 
the problem are incapable of elucidating the role of 
dynamic effects during such types of bond formation. In 
addition, if several configurational distributions exist for 
the electron density in a coordination complex or 
molecular system, and, if dynamic transitions occur 
between these configurational states due to the electron 
tunnelling, splitting the electron energy levels will re- 
sult; such splittings are usually called tunnel or inver- 
sion splittings. They are caused by phase changes in the 
wave packets upon tunnelling from one energy well to 
another on the potential energy curve [1] and lead to 
additional differences in the electron distribution config- 
urations. The above differences may be observed (or 
remain unnoticed) when the mutual positions of the 
atomic nuclei in a molecule or complex change and 
depend on the ratio of the lifetimes of the nuclei in the 
configurational states as well as on the ratio, rt, of the 
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total electron-transfer times for tunnelling to the charac- 
teristic times for the motion of atomic nuclei. An essen- 
tial feature of this model is that changes occur in the 
ratio of the characteristic times for electron motions to 
those for the motion of atomic nuclei. 

The characteristic times for electron motions are 
usually assumed to be some 5—10 orders of magnitude 
less than those for the motions of atomic nuclei. This 
assumption provides the basis for the well-known 
Born—Oppenheimer limitation [2], according to which 
quantum interactions between electrons and atomic nu- 
clei can be neglected because of enormous difference 
between the characteristic times for their motions. 

However, the probability of passing through a poten- 
tial barrier upon electron tunnelling is 10~* to 10~"° in 
typical cases [1], resulting in an increase in the correla- 
tion time t for total electron transfer from one potential 
well to another one. The only exception to this situation 
is resonance tunnelling [1]. On the basis of the close 
values of the above estimates, it is possible to assume 
that times for total electron transfer upon tunnelling 
might, in several cases, be close to or coincide with the 
characteristic times for the motion of atomic nuclei. 
This means that the Born—Oppenheimer limitation [2] 
will no longer be valid in this region, and that hybrid 
electron—nuclear states will be generated [3]. 

Theoretical studies of the effect described above 
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Table 1 


**Mn NOR spectral parameters at 77 K in the (CO),MnC,H,_,R,, series 





No. e* 04. 


R 





C,,H,0Si * 


SCAN AUSWNe 


Sn(C,H,), 


Sn(n — C,H), 
CH=NOH 
HgCl phase 1 
HgCl phase 2 
HgBr 

Hgl 


(CO),MnC,H,Hg 





* C(OHXC,H,) CH,C,H,Si(CH,), — 4,4. 
* C(O)CH ,CHCH ,CH,SO,CH),. 


have encountered computing problems which were dif- 
ficult to overcome because the adiabatic approach is no 
longer valid. This is why experimental evidence for this 
process becomes so important. 

Nuclear quadrupole resonance (NQR) is associated 
with the existence of gradient electric fields on atomic 
nuclei. The method is the most appropriate for studying 
the problem because of its high accuracy and, hence, of 
its high level of information. An important point is that 
NOR frequencies are proportional to the second deriva- 
tive of the electrostatic potential, whose changes are 
much more pronounced than those of the function itself. 

The main spectral characteristics obtained from NOR 
spectra are: the quadrupole coupling constant (QCC), 
i.e. e?Qq.., where eQ is the electric quadrupole mo- 
ment of the atomic nucleus (the nuclear constant), eq,, 
is the maximum diagonal component of the electric 
field gradient (EFG) tensor at the atomic nucleus, (eq., 
= 0°U/dz" is the second derivative of the electrostatic 
potential at the atomic nucleus), and the EFG asymme- 
try parameter 


= |(Gex — Vy) /Qe2| (1) 


where q4,,, Gyy» 4:2 are the principal diagonal compo- 
nents of the EFG tensor 


Ider! <I 4yyl <I ae! (2) 
In accordance with the Laplace condition, at the nucleus 
9xx + Gy + 92, =9 (3) 


Changes in the QCC and 7 with temperature arise 
from periodic and fast changes in the mutual orientation 
of the EFG tensor and the nuclear quadrupole moment 
tensor during the free thermal vibrations of the molecules 
(in the limiting case these are hindered reorientations). 

Another source of temperature changes in the QCC 
and 7 is modulation of the EFG caused by thermal 
translational motions of neighbouring molecules. It is 
the mechanism of EFG averaging by the comparatively 
slow mutual intramolecular motions of electrons and 
atomic nuclei which has not been considered earlier by 
other authors. 

In the present work an attempt has been made to 
consider changes in the EFG at a fixed temperature (77 
K) caused by configurational instability due to intercon- 
figurational electron tunnelling. With this aim in mind, 
we have chosen the molecular system (CO),Mn(Re)- 
C.H,_,R,, since the resonant atom, ~ Mn('*’Re), is in 
the centre of the molecule and most affected by the 
configurational electron instability. 


2. Experimental details 


All measurements of “Mn and “’Re NOR spectra 
were carried out at 77 K on the NOR spectrometer /re- 
laxometer ISSh-2-13 developed and produced by SKB- 
IRE AN SSSR [4]. 

All known quadrupole coupling constants (e?Qq..) 
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Fig. 1. Position of the EFG axes for molecules in the 
(CO),MnC.H._,R,, series. 


and asymmetry parameters (ym) in the series 
(CO),MnC,H,_,R, (Nos. 1-35) and (CO),Mn- 
C,H,COX (Nos. 36-45) [5] are listed in Table 1. Apart 
from literature data, some of the listed spectra were 
studied for the first time, some were refined. As is 
shown by the spectra for compounds with R, = Cl,, 
HgBr, Hgl and HgH,C,Mn(CO),, their molecules oc- 
cupy two crystallographically non-equivalent positions. 
For (CO),MnC.H,HgCl both crystalline phases were 
studied (at 77 K). In our subsequent calculations, data 
for different crystallographically non-equivalent posi- 
tions were not averaged, but used separately for each 
position. Hence we used the common numbering given 
in Table 1. Formal changes in the asymmetry parame- 
ters signs indicating changes in the positions of x- and 
y-components will be explained below in the text. 

Table 2 lists the numerical values of e?Qq,, and 7 
from the '*’Re NOR spectra of the (CO),ReC,H,_,R, 
series [5]. The meaning of the column with the t values 
will be explained below in the text. 


3. Results and discussion 


As can be seen from the scheme in Fig. 1, the EFG 
on the * Mn nucleus as observed by the NOR method is 


Table 2 


'S?Re NOR spectral parameters at 77 K in the (CO),ReC,H,_,R,, series 


the difference between the contributions to the EFG 
from different parts of the a-cyclopentadieny! tricar- 
bonyl manganese molecule, i.e. (1) from the three CO 
groups and (2) from the cyclopentadienyl ring and its 
substituents. 

The charge separation between the manganese atom 
and the cyclopentadieny] ligand increases upon the addi- 
tion of electron-donor substituents to the cyclopentadi- 
enyl ring, which results in an increase in the quadrupole 
coupling constant e*Qgq.. for **Mn. In contrast, the 
addition of electron-acceptor substituents decreases the 
value of e*Qq,, on the manganese atom (see Tables 1 
and 2). 

The redistribution of charge leads to a change in the 
characteristics of the interconfigurational transitions as 
well as in e?Qq., and 7. The process of searching for a 
minimum in the energy system involving such configu- 
rational transitions is accompanied by mutually related 
fluctuations in the energy and in the shape of the 
electron distribution, whose measure in NOR spec- 
troscopy is provided by the asymmetry parameters. By 
comparing the changes in e*Qgq.. and 7, it is possible 
to observe the dynamics of these transitions. In this 
case, changes in the dimensionless quantity 7 will 
characterize changes in the energy characteristics of the 
electron configuration, while changes in e*Qq., define 
the intrabonding charge distribution in (CO),Mn- 
C.;H,_,R,,, including the ‘recharge’ process associated 
with the change in the direction of the ‘induced’ bond 
dipole [7]. 

For convenience in analyzing experimental data, we 
can divide the observed EFG tensor with components 
e*0q,., e*qQ,,, e*Qq.. and aa \(q,. = Qxx)/ Ge: 
[Eq. (1)] into two parts: the unchanged EFG tensor (at a 
given temperature) with components eqQ,.., eqQ 
e024. 20 and 


No = 1( 9x20 — Wyo) /Ge20! (4) 


and the ‘induced’ EFG tensor with components (e7Qq,, 


<a e704, .0)s (e*Qq,, = e704, yo), (e*Qq.. ns e*0q..0) 
and 


Ning - (4x. im 9xx0) = (4,, - 9yyo)|/A q:: = 9:20) | 
(5) 


yy0» 





e*04., 
(MHz) 


e*Qq., 
(MHz) 





721.83 
691.03 
652.74 
633.27 
610.53 
601.90 
586.64 


539.10 
548.47 
528.44 
496.61 
478.25 
464.66 








132 G.K. Semin et al. / Journal of Organometallic Chemistry 508 (1996) 129-136 


From Egs. (1), (4) and (5) under condition (3) for all 
three sets of EFG components, we can derive an equa- 
tion relating e7Qq.,, 7, Ning» Mo and e*Qq,.o, ie. 

e*0q.. 
e* 04.20 


No = Thing 
. (6) 
7 Nina 





If in a series of compounds of the same type the 
difference between two transversal EFG components 
(e7Qq,, — e’Qq,,) depends on the change in the longi- 
tudinal component (e7Qgq,,), i.e. (e*Qq,, — e?Qq,,) = 
f(e?Qq.,), the increment of the function n(e*Qq,,) and 
of the argument (e*Qq,.) must be related by an approx- 
imate equality 5n = 5q,,-dn/dq,,, as is known. Tak- 
ing into account that according to Eq. (1) the signs of 
q., and dn/dq,, are different, at 5n=(y— 1m) and 


54q., = (q., “a 9:20) we get 


dq., 
- (7) 
qzz mm 9220 





No~ 1 


After solving Eq. (7) as a differential equation with 
separated variables, simple transformations lead to the 
relationship: 


(e?Qq.. aise e*0q..0)( No n) =B-6 (8) 


where B is a constant for a given series and 6= +1 
[6]. From Eqs. (6) and (8) one can see that 


e* 04.20 


a (tm — 1)" (9) 


Nina = 1 — 5° 


In fact, Eq. (8) describes the picture observed experi- 
mentally quite well [6,7] except in the close vicinity of 
No- 

It is interesting to note that the form of Eq. (8) 
coincides with that of the e*Qq,,(/) dependence for 
Cl,Sb - Ly, complexes [7], where L, is an oxygen-con- 
taining ligand, with / being the ionization potential for 
the lone pair electron of the oxygen atom. This confirms 
the above-mentioned considerations that energy changes 
and fluctuations must result in configurations whose 
measure are changes in », i.e. 5/ ~ 5y [7]. 

Departures from dependence (8) in the vicinity of 7, 
can be understood, if it is assumed the EFG fluctuations 
occur with an average modulation depth An in the 
vicinity of (mM, e7Qq..9). If such EFG fluctuations are 
of a stochastic nature due to the multiplicity of the 
vibration processes, one can use the basic relationships 
of the theory of stochastic dynamics of non-linear vibra- 
tion systems [8]. This theory predicts the appearance of 
a nearly rectangular spectrum for comparatively low 
frequency vibrations. In this case one can carry out a 
simple integrated averaging of Eq. (8) to take account 


of the mutual modulation motions of electrons and 
atomic nuclei when computing the observed e*Qq., 
values 


B-é | 
(% — 9) | 
B-5 |n-(%+4n) 

= e70q..9 + ——In 
4220 * Zan | n—(% — 4n) 


or in the interval (m, + 4n) 


1 

2 n+An| 4 

u,..* e° 4.20 + dn 
Q = 2 An a | 2 . 








An 


ns 
B 


=th 
An | 


(e?Qq., — e?Qq..0) (11) 
At |(n — 7)/4n| = 2.5-3 and above, the descriptive 
power of Egs. (8) and (10) is almost equal. 

A similar averaging can be obtained for 7, using 


Eq. (9) 
1 


"had ~ 2 An 


2 
n+A e Q4q.. 
f ns. = (n- m%)°| an 
n- An 
e? 04... An? 
——|(n- )' + — (12) 


=n-8:- 
” B 3 


3.1. Estimation of the total interconfigurational tunnel 
electron-transfer times (rt) 


For a rough estimate of the total interconfigurational 
tunnel electron transfer, one can use the results reported 
in Ref. [9] where various aspects of the dipole instabil- 
ity have been considered. Let us consider two or more 
configurations of the electron distribution with different 
magnitudes and directions for their dipole moments 
undergoing the effect of local microscopic fields with 
the field strength e. For a Boltzmann’s distribution and 
Poe <« SE, where pz, is the absolute value of the dipole 
moment for an equilibrium configuration, and 5E is the 
inversion (tunnel) splitting, the average dipole moment 
appears to be 


2 
0 


P Pos h| SE /kT | 13 
= t 


However, if the dipole generated in the case of the 
orientational polarization of ‘hard’ dipoles is written as 


(14) 


the P/P’ ratio will be 


kr ‘ SE 
BE “| AT 


P 
P’ 
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e70q,,. 























Fig. 2. Dependence of e?Qg., on 7 for molecules in the 
(CO),MnC,H,_,R, series (see Nos. 1-35 in Table 1) as derived 
from Eg. (10): solid lines correspond to 6 = +1 (open points); 
dashed lines correspond to 6 = — 1 (filled points). 


Since the sources of changes in the asymmetry parame- 
ter 7 have the same origin, then setting 


P/P’ ~(n-%)/4n (16) 


and using expression (11) one can obtain an approxi- 
mate equation 


nN Nh 
An 


Eq. (17) allows one to estimate 5E at a fixed tempera- 
ture using the parameters of Eq. (10) and experimental 


(17) 


kT ' 8E 
bE | kT 


Table 3 


133 


values for e?Qq,,. Values of rt and 5E are known to be 
related [1] by a simple dependence 


t= 7wh/d5E (18) 


Tables 2 and 4 list the t-values for experimental 
points lying in the range (ym) + 4m). From a rough 
estimation it is seen that the t-values generally lie in the 
interval 8X 107"? into 3X 10~'* s, ie. within the 
range of characteristic times for nuclear motions. The 
direction of decrease in tT is m) + 4n — m, and hence 
points corresponding to (7m, + An) are associated with 
the appearance of a slow tunnelling effect, while the 
point at 7) corresponds to the most rapid electron 
tunnelling (see Fig. 2). 

In all cases t is smaller than the NOR characteristic 
times (10~°-10~° s), i.e. the observed EFG values are 
always averaged. The only factor which changes is the 
efficiency of averaging by interconfigurational electron 
tunnelling. 


3.2. Manganese-55 NQR data for (CO),MnC,H,_,R 
at77K 


We can use data from Table 1 for the (CO), 
MnC,H,_,R, series (Nos.1-35 in Table 1) and for the 
(CO),MnC,H,COX series (Nos. 36—44 in Table 1) to 
check the validity of relation (10). Both sets of experi- 
mental data are described by Eq. (10) with a high 
degree of accuracy (see Table 3 and Figs. 2 and 3). 
When the parameters of Eq. (10) are used for molecules 
in the (CO),MnC,H,COX series (Table 3, line 2), the 
origin of the resulting curve is shifted with respect to 
the corresponding curve for molecules in_ the 
(CO),MnC.H,_,R, series (Table 3, line 1) in such a 
way along the e*Qq.,,. and 7 axes that e*Qq.., (1) 


Parameters of Eq. (10) for the (CO),MnC,H,_,R, series (series 1) and the (CO),MnC,H,COX series (series 2) (from “Mn NOR spectroscopy 


at 77 K)* 





Series No. in 
No. Table 1 


©* 04.20 B 
(MHz) (MHz %) 


Tho 
(%) 


An + 5e*Qq., n r 
(%) (MHz) 





1=R, 1-35 64.451 4.018 
2 = COX 36-44 60.272 3.588 


6.7055 
10.0245 


0.5285 0.09 35 
1.9943 0.08 9 


0.999 
0.996 





* Where n is the number of experimental points used in calculating the parameters of Eq. (10) and r is the correlation coefficient between the 
calculated values from Eq. (10) and the experimental e7Qgq,, values. 


Table 4 
Values of 7 in the interval (m) + 4y) for the (CO),MnC,H,_,R, series * 
7(10~ **s) No. 7(10~ '*s) 
in Table 1 
83.99 19 
68.11 20 


4.45 21 
3.86 


* Calculated via Eqs. (17) and (18). 








0.32 
3.21 
2.62 
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e7Qq,7,MHz 
‘“ (no-4n) No 
T \ 
/ \ 
/ \ 


(no tn) 


























5 iS 


Fig. 3. The same dependence as in Fig. 2 for molecules in the 
(CO),MnC,H,COX series (see Nos. 36-44 in Table 1). Solid lines 
relate to Eq. (10); dashed lines relate to Eq. (8). Notation the same as 
in Fig. 2. 


> e?Qq,, (2) and no(1) < no(2). The specific nature of 
the effect of COX substituents has been described ear- 
lier [5]. 

One can see from Fig. 2 and Table 1 that most 
a-donor organic substituents and halogen atoms lie on 


e7Qq,(i=x,y), 
MHz 


the curve derived from Eq. (10) with 6= +1. Organo- 
element and organometallic substituents, most of which 
are 7-acceptors, lie on the branch of the curve derived 
from Eq. (10) with 6= —1. 

A graphic solution of Eq. (10) for molecules of the 
(CO),MnC,H,COX series with 5= +1 is depicted by 
solid lines in Fig. 3 while that of Eq. (8) with 6= +1 
is depicted by dashed lines. 

The overlap between the experimental points demon- 
strates the comparative descriptive power of Eqs. (8) 
and (10) as well as differences between them [the only 
exception to Eq. (10) is point No. 45 (R = COOH), 
which might be due to the uncertainty caused by com- 
plex formation by water molecules during hydration]. 

A solution of Eq. (10) (6= +1) using the coordi- 
nates e?Qq., and e*Qq,,, where i = x,y, for molecules 
in the (CO),MnC,H,_,,R,, series (Nos. 1-35 in Table 
1) is shown in Fig. 4. Open points correspond to 
5= +1 while filled points correspond to = —1. The 
values of e?Qq,, and e*Qq,, were determined using 
Eqs. (1) and (3) with module values of » as expressed 
by: 


e*Qq,, = —0.5(1— n)e*Qq.,; 
e*Oq,, = —0.5(1 + n)e*Qq,, (19) 
Intersection of the straight line corresponding to 7 =0 


by the curves e7Qq,,(e*Qq.,) and e*Qq,,(e?Qq..) is 
clearly demonstrated in Fig. 4. It means that the X- and 











- is 
Pr 
~ 








07 Qa 


Fig. 4. Graphic solution of Eq. (10) for the (CO),MnC,H,_,R, series employing e?Qq., and e*Qq,, coordinates, where i = x, y. Notation the 


same as in Fig. 2. 





G.K. Semin et al. / Journal of Organometallic Chemistry 508 (1996) 129-136 


Table 5 


Parameters of Eq. (10) for the (CO),ReC,H,_,R,, series (series 1) and the (CO),ReC,H, COX series (series 2) (from ""’ Re NOR spectroscopy 





No. in e* 04.20 B 
Table 2 (MHz) (MHz %) 


An 





1-8 608.783 4185.888 
9-13 468.889 834.343 


20.117 49.755 : 8 0.999 
41.002 12.595 0.3 5 0.999 





* Where n is the number of the experimental points used in calculating the parameters of Eq. (10) and r is the correlation coefficient between the 


calculated values from Eq. (10) and the experimental e?Qq,, values. 


Y-components in sequence expressed in Eq. (2) change 
places (for 5= +1 such a point lies between No. 5 and 
No. 6, and for = —1 between No. 24 and No. 30). 
The formal change in the sign of 7 is tantamount to a 
change in the e*Qq,, and e*Qq,, direction [10] (see 
Table 1, Fig. 2 and Eq. (10)). 

From Figs. 2 and 3 it can be seen that several 
experimental points lie in the interval (y, + 4n). Using 
relations (17) and (18), », and An values from Table 3, 
it is possible to estimate the correlation times for total 
electron transfer as a consequence of tunnel interconfig- 
urational transitions [Eq. (18)] (see Table 4). In accor- 
dance with our estimates, t-values computed from the 
experimental data lie in the interval 8.4 10~" to 
3x 107° s, ie. despite the fact that they are only 














4. 


-50 





Fig. 5. Dependence of e?Qg,, on » for (a) molecules in the 
(CO),ReC,H,_,R, series (see Nos. 1-8 in Table 2) and (b) 
molecules in the (CO),ReC,H,COX series (see Nos. 9-13 in Table 
2). 


rough estimates they are within the range of characteris- 
tic motion times for atomic nuclei (10~'°-10~ "* s). 


3.3. Rhenium-187 NQR data for (CO),ReC,H,_,R,, at 
77K 


Further evidence for the reality of the processes 
described using the suggested model of interconfigura- 
tional tunnel transitions may be obtained from a com- 
parison between the n(e?Qgq.,) values for "*’Re at 77 K 
and those for manganese compounds similar to those in 
the (CO),ReC,H,_,R, series (see Table 2). Despite 
the much narrower experimental basis relative to the 
manganese analogues, it was possible to obtain parame- 
ters via Eq. (10) for both the (CO),ReC.H,_,R,, series 
(Nos. 1-8) (series 1) and (CO),ReC,H,COX series 
(Nos. 9-13) (series 2) (see Table 5 and Fig. 5). The 
relationships obtained appear to be: An,,.(1) < An,,(1) 
and Any,,(2) «< An,,(2). The shift of relation (10) for 
both series is similar to that for the manganese ana- 
logues, with only the relationship An,,,(1) < An,,,(2) 
changing while An,,.(1) > An,.(2) remains valid. 

Estimates of t-values for the experimental data in the 
interval (7m, + 4m) in the last column of Table 2 lie 
within the limits 5 x 10~'* to 2x 10~"* s, ie. also 
within the range of characteristic motion times for 
atomic nuclei. 


4. Conclusions 


From the highly descriptive power of Eq. (10) associ- 
ated with estimates of electron motion times obtained 
from Eqs. (17) and (18), and the characteristic times of 
motion of atomic nuclei it is possible to demonstrate the 
existence of a real process, ic. EFG averaging by 
comparatively slow mutual motions of electrons and 
atomic nuclei during tunnel interconfigurational transi- 
tions in (CO),MC,H,_,R, (M = Mn, Re) compounds. 

The similarity between the theoretical curves derived 
from Eq. (10) (see Figs. 2, 3 and 5) and the dispersion 
curves suggests that the observed effect may be desig- 
nate ‘dispersion of electron nuclear motions’ (DENM). 
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Consideration of DENM phenomena is important for 
understanding the nature of bonding of the 7-cyclo- 
pentadienyl ring to a metal atom, since only via this 
phenomenon is it possible to understand the mechanism 
of the charge distribution in the so-called ‘recharge’ 
region. 

It is that the development of low-frequency dynamics 
by electron systems in the DENM region will result in 
important changes in the reactivity and catalytic activity 
of compounds in the solid state as well as in anomalies 
in the electromagnetic properties of their crystals. 
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Abstract 


The alkylidyne-capped complexes [Co,(.,~CRXCO),] (R = Me la, CO,Me Ib) react with PPh,CH=CH, in heptane at 308 K to 
give the phosphine-substituted complexes [Co,(y,-CRXCO),(PPh,CH=CH,)] (R = Me 2a, CO,Me 2b), [Co,(y,-CR)- 
(CO),(PPh,CH=CH,),] (R= Me 3a, CO,Me 3b) and, in the case of R=CO,Me, the sris-substituted complex [Co,(y,- 
CCO,MeXCO),(PPh,CH=CH,),] 4. Heating of complexes 2a and 2b at 343 K results in loss of a CO group and coordination of the 
vinyl moiety of the PPh,CH=CH, ligand to afford [Co,(y,-CRXp-PPh,CH=CH,XCO),] (R = Me Sa, CO,Me Sb). In contrast, 
reaction of [Co,(u,-CRXCO),] (R= Me la, CO,Me Ib) with cis-Ph,PCH=CHPPh, (dppee) gives [Co,(p,-CRXp- 
Ph,PCH=CHPPh,XCO),] (R = Me 6a, CO, Me 6b) in which the dppee ligand bridges two adjacent cobalt atoms via both phosphino 
moieties. Nuclear magnetic resonance studies on Sa and Sb indicate that two isomeric structures in a ratio of 7:3 are present in solution at 
293 K. Conversion of [Co,(.,-CRX-PPh,CH=CH,XCO),] Sa and Sb back to [Co,(u.,-CRXCO),(PPh,CH=CH,)] 2a and 2b can be 
achieved by purging with CO at 293 K while further purging at 343 K results in conversion to [Co,(u,~-CRXCO),] la and Ib. The 
structure of [Co,(p,-CCO,MeXy-Ph,PCH=CHPPh, XCO),] 6b was determined by single-crystal X-ray diffraction. All the complexes 
have been characterized spectroscopically and by elemental analysis. 


Keywords: Tricobalt; Alkylidyne; Vinylphosphine; Crystal structure; Carbonyl; Vinyl! 





1. Introduction [Co,(.-CRX-L-LXCO),] (L-L = diphosphine) have 


received much attention since the diphosphine ligand 


The use of the vinyl phosphines [PR',(CR? =CR’R*)] 
(R = H, alkyl, aryl) as ligands in organometallic transi- 
tion metal complexes continues to be the focus of a 
series of reports [1]. In such complexes the ligand has 
the potential to act as a four-electron donor via the vinyl 
and phosphino groups. Introduction of a further two- 
electron donor group, e.g. R* = PPh,, on the B-carbon 
of the vinyl phosphine results in a ligand capable of 
coordination to one or more metal centres via up to 
three separate donor sites [2]. 

In recent years the cobalt clusters [Co,(.,-CRXCO),] 
and in particular the diphosphine-bridged complexes 
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can stabilize and activate the cluster as a hydroformyla- 
tion catalyst [3,4]. Our interest in this type of tricobalt 
system, Co,C, stems from an investigation of the 
isolobal dimetallic system Co,C, [5,6] in complexes of 
the type [Co,(u-C,R,XCO),] towards multifunctional 
phosphine ligands [7-10]. 

In this work we describe the reactions of two tri- 
cobalt alkylidyne complexes [Co,(y,-CRXCO),] (R = 
Me la, CO,Me ib) with the vinyl phosphines 
PPh,CH=CH, and cis-Ph,?CH=CHPPh, (dppee). In 
our dicobalt work we have found that the nature of the 
R groups on the bridging fragment, p-RCCR, can influ- 
ence the outcome of reactions [7,8,10]. As a conse- 
quence, in this investigation, we have chosen an elec- 
tron donating (R = Me 1a) and an electron withdrawing 
(R = CO,Me Ib) R group in the cobalt clusters 1. 
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2. Results and discussion 


2.1. Reactions of [Co,(;-CR(CO),] (R= Me la, 
CO,Me 1b) with PPh,CH = CH, 


The complexes [Co,(y,-CRXCO),] (R = Me la, 
CO,Me Ib) were heated together with the ligand in 
heptane at 308 K for 20 h to afford a range of vinyl 
phosphine substituted complexes, the degree of substitu- 
tion being influenced by the nature of the R groups. 
When [Co,(y,-CMeXCO),] la was reacted with 
PPh,CH=CH, in an approximately 1:1 molar ratio, 
the products, in order of elution, were [Co,(p,- 
CMeXCO),(PPh,CH=CH,)] 2a (37% yield) and 
[Co,(.,-CRXCO),(PPh,CH=CH,),] 3a (33% yield). 
On the contrary, reaction of [Co,(y,-CCO,MeXCO),] 
ib with PPh,CH=CH, in similar proportions gave 
[Co,(p,-CCO,MeXCO),(PPh,CH=CH,)] 2b (5% 
yield), [Co,(y,-CCO,MeXCO),(PPh,CH=CH,),] 3b 
(55% yield) and [Co,(p,-CCO,MeXCO),(PPh,CH 
=CH,),] 4 (27% yield) (Scheme 1). 

All the complexes 2a, 2b, 3a, 3b and 4 have been 
characterized by mass spectrometry and by IR, 'H, ° Ip 
and “C nuclear magnetic resonance (NMR) spec- 
troscopy (Table 1 and Section 4). The mass spectra of 
complexes 2a, 2b, 3a, 3b and 4 all exhibit molecular 
ion peaks and/or peaks corresponding to fragmentation 
of the molecular ions. The IR spectra in the up, region 


for complexes 2a, 2b, 3a, 3b and 4 exhibit absorption 
bands with a similar pattern to those reported for other 
mono-, bis- and tris-substituted phosphine derivatives 
of [Co(4.;-CRXCO), } 1 (11-14). 

The 'H NMR spectra at 293 K for the mono-sub- 
stituted 2a and 2b, bis-substituted 3a and 3b and the 
tris-substituted complex 4 display, in addition to pheny! 
resonances and resonances for the capping groups, three 
sets of doublets of doublets of doublets (ddd) for the 
three vinyl protons H,, H, and H, (Scheme 1) in the 
expected 1:1:1 relative intensity ratios. The furthest 
downfield ddd resonance is attributed to H,, the more 
a signal to H, and the most upfield signal to H, 

*'p('H) NMR spectra of 2a, 2b, 3a, 3b and ‘4 
oni of broad singlet resonances in the range 6= 
— 103.1 to —117.3 ppm (relative to P(OMe), at 0.0 
ppm); these chemical shifts are consistent with phos- 
phine ligands bonded terminally to tricobalt centres 
[11-15]. 

On the basis of the above data the structures shown 
in Scheme 1 are proposed for complexes 2a, 2b, 3a, 3b 
and 4. Note that H, is trans to H,. 


2.2. Thermolysis of [Co;(j1;-CR)(CO),(PPh,CH = 
CH,)] (R = Me 2a, CO,Me 2b) 


When the complexes [Co,(y,-CRXCO),(PPh,CH 
=CH,)] (R = Me 2a, CO, Me 2b) are heated in heptane 


Co4(j43-CR)(CO)y (R = Me la, CO,Me 1b) 


PPh,CHCH, 
308 K 


R = CO,Me 
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Scheme 1. Products from the reactions of [Co,(j,~-CRXCO),KR = Me la, CO, Me Ib) with PPh,CH=CH,. 
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at 343 K there is no evidence for P—C bond cleavage toluene (384 K) cluster decomposition occurred. Com- 
within the diphosphine ligand as observed in related plexes Sa and 5b have been characterized by mass 
complexes [2]. Instead the main products are [Co,(p,- spectrometry, IR, 'H, *'P and °C NMR spectroscopy 
CR)p-PPh,CH=CH,\CO),] (R = Me Sa, (Table 1 and Section 4). 

CO,Me 5b) in yields of 78%-—84%. Similar heating of The 'H NMR spectra of 5a and Sb show clearly that 
3a, 3b and 4 did not have any effect but in refluxing the vinyl group of the phosphine ligand is coordinated 


Table 1 
IR 'H nuclear magnetic resonance and 'P nuclear magnetic resonance data for the complexes 


Compound v (CO) (cm~')* *"H NMR: 6 (ppm) ° *"P NMR: 6 (ppm) ‘ 


2a 2076s, 2031vs, 2020vs, 7.7-7.2 (m, 10H, Ph), 6.67, (ddd, —117.3(s, 
201 1vs, 1986m, 1968m, JH, P) = 24.3, °J(H,H,) = 17.8 Hz PPh,CH=CH,) 
1878w, 1856w *‘(H, Hy )= 12.0 Hz, 1H, PCH, =CH,), 
6.00 (dda, *(H gP) = 37.0 Hz, iH He) = 
1.2 Hz 1H, PCH = =CH,H), 5.30 (ddd, 
*JCHCP) = 19.1 Hz, 1H, PCH=CHH,), 
3.25 (d, “J(HP) = 0.4 Hz, 3H, Me) 
2086m, 2047s, 2033s, 7.7-7.3 (m, 10H, Ph), 6.62 (dda, — 101.6 (s, 
2025s, 1981w, 1682w JH, P) = 24.8 Hz, *J(H,H,) = 17.7 Hz, PPh,CH=CH,) 
*‘(H, Hy ) = 12.0 Hz, 1H, PCH, = =CH,), 
6.01 (ddd, *(H gP) = 37.6 Hz, “J(H sH.)= 
1.2 Hz, 1H, PCH= CH,H), 534 (ddd, 
(HP) = 19.2 Hz, 1H, PCH= =CHH,), 
3.76 (s, 3H, Me) 
2049s, 1994vs, 1981s, 7.8-7.2 (m, 20H, Ph), 6.67 (ddd, 
1958m, 1944w, 1850w JH, P) = 24.5 Hz. °J(H,H,) = 18.0Hz, 
*J(H, Hy )= 12.0 Hz, 2H, PCH, =CH,), 
5.94 (ddd, *J(H gP) = 35.7 Hz, iH 3H.) = 
1.2 Hz, 2H, PCH= =CH,H), 5. 24 (ddd, 
He P) = 19.2 Hz, 2H, PCH=CHH_), 
2.70 (t, “J(HP) = 3.2 Hz, 3H, Me) 
2060s, 2025s, 2012vs, 7.7-7.3 (m, 20H, Ph), 6.64 (ddd, 
2001s, 1972m, 1671w JH, P) = 25.0 Hz, *J(H,H,) = 178 Hz, 
*(H, Hy )= 12.0 Hz, 2H. PCH, =CH,), 
5.93 (ddd, °J(HBP) = 36.4 Hz, iH, H- )= 
1.3 Hz, 2H, PCH=CH,H), 5.25 (ddd, 
*J(HCP) = 18.0 Hz, 2H, PCH=CHH,), 
3.59 (s, 3H, Me) 
2045m, 2022m, 2012s, 7.7—7.3 (m, 30H, Ph), 6.71 (ddd, — 103.1 (s, 
1988vs, 1967s, 1827w, JH, P) = 24 Hz, *J(H,H,) = 18 Hz, PPh,CH=CH,) 
1817w *(H, Hy )= 12 Hz, 3H, PCH, = =CH,), 
5.89 (ddd, *J(HgP) = 36 Hz, “J(H, H. )= 
0.8 Hz, 3H, PCH= =CH,H), 5.21 (id, 
*J(HP) = 18 Hz, 3H, PCH=CHH,), 
3.18 (s, 3H, Me) 
2069s, 2016vs, 2003s, 8.0-7.3 (m, 10H, Ph), 4.3-2.0 (m, 3H, — 110.1 (s, 
1981m, 1970m PCH=CH,), 3.50 (s, 3H, Me—minor p-PPh,CH=CH,) 
isomer), 2.89 (d, “*J(HP) = 0.9 Hz, 3H, 
Me-major isomer) 
2078s, 2034vs, 2014s, 7.9-7.3 (m, 10H, Ph), 4.3-2.8 (m, — 107.8 (s, 
2003m, 1991m, 1679m 3H, PCH =CH,), 3.53 (s, 3H, Me- p-PPh,CH=CH,) 
major isomer), 3.46 (s, 3H, Me- 
minor isomer) 
2059s, 2020s, 2010vs, 7.8-7.0 (m, 20H, Ph), 2.87 (t, — 86.9 (s, p- 
2008vs, 1992s, 1976m, “J(HP) = 2.7 Hz, 3H, Me), olefinic PPh,CH=CHPPh,) 
1970m, 1954w, 1870w, protons masked by phenyl signals 
1828w 
2070vs, 2027vs, 2018vs, 7.6-7.0 (m, 20H, Ph), 3.59 (s, 3H, — 100.1 (s, p- 
2005m, 1992w, 1982m, Me), olefinic protons masked by PPh,CH=CHPPh,) 
1965w, 1671w pheny! signals 
» Recorded i in n-hexane solution. 
* Chemical shifts 6 relative to SiMe, (0.0 ppm), coupling constants in CDCI, at 293 K. 
© 5! chemical shifts relative to external P(OMe), (0.0 ppm) (upfield shifts negative), 'H gated decoupled, measured in CDCI, at 293 K. 
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Cc — 
ae cis-Ph,PCH=CHPPh, 


(OC)3Co Co(CO)s 


R=Me la 
R =CO)Me Ib 


THF /reflux/10 min 


R = CO,Me 6b 


Scheme 2. Reactions of complexes la and 1b with cis-Ph, PCH=CHPPh, (dppee). 


rather than free in each case. The vinyl signals, which in 
the uncoordinated species (2a, 2b, 3a, 3b and 4) appear 
in the region 5 = 5 to 7 ppm, are now shifted upfield to 
the range 5 = 2—4 ppm. Furthermore, two inseparable 
isomers exist for each complex giving rise in total to six 
overlapping sets of ddd. There are also phenyl reso- 
nances and, for Sa, a doublet at 5 = 2.89 ppm (*/(HP) 
= 0.9 Hz) due to the methyl protons of the major 
isomer and a singlet at 5 = 3.50 ppm due to the methy! 
protons of the minor isomer. For 5b the methyl! protons 
of the major and minor isomers give rise to singlets at 
5 = 3.53 ppm and 5 = 3.46 ppm respectively. 

The *'P ('H) NMR spectra of complexes Sa and Sb 
both consist of broad singlet resonances at 6 = — 110.1 
ppm (Sa) and 5 = — 107.8 ppm (Sb). The peaks proba- 
bly consist in each case of overlapping signals arising 
from the presence of the two isomers. 


The °C('H) NMR spectra at 293 K of 5a and 5b 
reveal the presence of two isomers (in a ratio of 7:3 in 
each case) most distinctly. For 5a, the carbony! ligands 
of both isomers give rise to only one broad signal while 
for 5b two carbonyl resonances are seen. Every other 
resonance for 5a and 5b is observed to consist of two 
signals owing to the major and minor isomers. As is the 
case with the proton NMR spectrum, coordination of 
the vinyl group shifts the vinyl carbon peaks upfield. 

On the basis of the above data proposed structures 
for the two isomers of complexes Sa and Sb are shown 
in Scheme 1. These differ in that in one the coordinated 
vinyl ligand occupies two equatorial positions whereas 
in the other it occupies two axial positions. The 'H 
NMR spectrum of the major isomer of 5a exhibits a 
doublet resonance (*/(HP) = 0.9 Hz) for the methyl 
group on the capping carbon atom, whereas the corre- 


Fig. 1. Molecular structure of [Co,(j.,-CCO, MeX-Ph, PCH=CHPPh, XCO), ] 6b including the atom numbering scheme. 
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Table 2 

Bond lengths (4ngstréms) for the complex [Co,(y,-CCO,MeXp- 
Ph, PCH=CHPPh, XCO),] 6b with estimated standard deviations in 
parentheses 


Co(1)—Cof2) 
Co(1)-CU1) 
Co(1)-C(12) 
Co(2)—Co(3) 
Co(2)-C(21) 
Co(2)—C(23) 
Co(3)—C(31) 
Co(3)—P(1) 
C(2)-001) 
001)-C(3) 
CU12)-0012) 
C(22)-0(22) 
C(31)-031) 
P(1)—C(4) 
P(1)—C(201) 
C(S)—P(2) 
P(2)-—C(401) 





2.481(1) 
1.892(6) 
1.75X7) 
2.492(1) 
1.797(8) 
1.793(6) 
1.775(7) 
2.222(2) 
1.340(7) 
1.45310) 
1.152(9) 
1.128(10) 
1.144(9) 
1.824(6) 
1.844(4) 
1.81006) 
1.83703) 


Col 1)—Cof3) 
Co(1)-C(11) 
Co(1)—P(2) 
Co(2)—CU1) 
Co(2)—C(22) 
Co(3)—C(1) 
Co(3)—C(32) 
CO1)-C(Q2) 
C(2)-O(2) 
C01)-0011) 
0(21)-0(21) 
C(23)-0(23) 
©(32)—0(32) 
P(1)—C(101) 
C(4)-C(5) 
P(2)—C(301) 


2.464(1) 
1.796(6) 
2.166(2) 
1.918(6) 
1.807) 
1.903(5) 
1.796(6) 
1.464(8) 
1.205(8) 
1.141(8) 
1.144010) 
1.132(7) 
1.128(8) 
1.822(5) 
1.32%8) 
1.841(4) 





Table 3 


sponding resonance for the minor isomer is a singlet. 
This suggests that the major isomer is that in which the 
vinyl phosphine ligand occupies equatorial positions, 
since similar sized coupling constants of ca. 1 Hz have 
been observed for the methyl resonances of related 
[Co,(.,-CMeX-diphosphineXCO),] species in which 
the diphosphine occupies equatorial sites [17]. 

The vinyl coordination in Sa and 5b can be released 
by purging with CO at 293 K to give 2a and 2b 
respectively. Prolonged heating at 343 K in an atmo- 
sphere of CO results in displacement of the 
PPh,CH=CH, ligand entirely to give [Co,(p,- 


CRXCO),] (R = Me la, CO,Me Ib). 


2.3. Reaction of [Co,(u,-CR(CO),] (R=Me la, 
CO,Me 1b) with cis-Ph,PCH=CHPPh, 


In order to compare its reactivity with that of the 
vinyl! phosphine PPh,CH=CH,, the ligand cis- 


Bond angles (degrees) for complex [CO,(y.,-CCO, MeX-Ph, PCH=CHPPh, XCO),]} 6b with estimated standard deviations in parentheses 





Co(2)—Col1)—Col3) 
Co(3)—Co(1)—Co(1)—CU1) 
Col(3)—Co(1)—CU11) 
Col2)—Co(1)—C12) 
CO1)-Co(1)—-C(12) 
Co(2)—Co(1)—P(2) 
C(1)—Co(1)—P(2) 
C(12)—Co(1)—P(2) 
Co(1)—Co(2)—C(U1) 
Co(1)—Co(2)—C(21) 
CU1)—Co(2)-C(21) 
Co(3)—Co(2)—C(22) 
C(21)-Co(2)—C(22) 
Co(3)—Co(2)—C(23) 
C(21)—Co(2)—C(23) 
Co(1)—Col3)—Col2) 
Co(2)—Co(3)—CU1) 
Co(2)—Co(3)—C(31) 
Co(1)—Co(3)—C(32) 
CU1)—Col3)—C(32) 
Co(1)—Co(3)—PU1) 
CU1)—Co(3)—PU1) 
C(32)—Col3)—PU) 
Co(1)—C(1)—Cof3) 
Co(1)—CU1)—C(2) 
Co(3)—CU1)-C(2) 
CU1)-C(2)-0(2) 
C(2)-0011)-C(3) 
Co(1)—C(12)-0(12) 
Co(2)—C(22)—O(22) 
Co(3)—C(31)-031) 
Co(3)—PC1)—C(4) 
C(4)—PCL)-C(101) 
C(4)-P(1)-C(201) 
P(1)—C(4)-C(S) 
Co(1)—P(2)-C(5) 
C(S)—P(2)-—C(301) 
C(S)—P(2)-C(401) 
P(1)—C(101)—C(02) 
P(1)—C(201)—C(202) 
P(2)—C(301)—C(302) 
P(2)—C(401)—C(402) 


60.5(1) 
49.701) 
85.0(2) 
92.6(2) 
119.73) 
143.001) 
95.42) 
94.7(2) 
48.92) 
150.S(2) 
103.8(3) 
101.4(2) 
105.7(3) 
147.5(2) 
98.5(3) 
60.101) 
49.5(2) 
98.3(2) 
103.1(2) 
140.63) 
97.61) 
107.5(2) 
103.4(2) 
80.92) 
137.1(4) 
123.34) 
126.1(S) 
114.4(6) 
179.2(6) 
177.77) 
179.06) 
122.5(2) 
97.7(2) 
101.42) 
132.5) 
119.2(2) 
100.1(2) 
102.8(2) 
117.31) 
118.201) 
121.201) 
119.91) 


Co(2)—Col1)-CU1) 
Co(2)—Co(1)—-CU11) 
C(1)-Co(1)-C011) 
Col3)—Col1)-C(12) 
C(11)—Co(1)-C(12) 
Co(3)—Col1)—P(2) 
O(11)—Co(1)—P(2) 
Co(1)—Co(2)—Col3) 
Co(3)—Col2)—C(1) 
Col(3)—Col2)—-C(21) 
Col 1)—Co(2)—O(22) 
C(1)—Col2)—C(22) 
Co(1)—Co(2)—C(23) 
C(1)—Co(2)—C(23) 
(22)—Col2)—C(23) 
Co(1)—-Col3)—C(1) 
Co(1)—Col3)—C(31) 
CU1)-Col3)-C31) 
Co(2)—Col3)—C(32) 
©(31)—Col3)-—C(32) 
Col2)—Col3)—PU) 
C(31)-Col3)-P(1) 
Co(1)—C(1)—Cof2) 
Co(2)—C(1)—Col3) 
Co(2)-C(1)—C(2) 
C(1)-C(2)-001) 
O(1)—C(2)—O(2) 
Co(1)-COUD)-O011) 
Co(2)—C(21)-021) 
Col2)—C(23)—O(23) 
Col3)—C(32)—O(32) 
Co(3)—PC1)—C1101) 
Co(3)—PCL)—C(201) 
C(101)-PC1)-C(201) 
C(4)—C(S)—P(2) 
Co(1)—P(2)-—C(301) 
Co(1)—P(2)—C(401) 
C(301)-P(2)-C(401) 
P(1)—C(101)—C(106) 
P(1)—C(201)—C(206) 
P(2)—C(301)—C(306) 
P(2)—C(401)—C(406) 


49.8(2) 
111.5(2) 
134.8(3) 
152.1(2) 

99.4(3) 
111.201) 
102.2) 

59.4(1) 

49.001) 

95.2) 

94.%2) 
139.43) 

97.2) 

98.%3) 
103.0(3) 

49.32) 
147.1(2) 

97.%3) 

94.2(2) 
102.3) 
154.61) 

95.62) 

81.2(2) 

81.4(2) 
132.64) 
112.75) 
121.2(5) 
177.47) 
177.6) 
178.36) 
174.5(6) 
111.101) 
117.5(2) 
103.4(2) 
128.4(5) 
111.301) 
118.6(1) 
102.002) 
122.61) 
121.801) 
118.701) 
120.101) 
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Ph,PCH=CH,PPh, (dppee) was studied. This ligand 
differs from the vinyl phosphine in that a cis-B-hydro- 
gen has been replaced by a phosphino group. 

The complexes [Co,(y,-CRXCO),] (R= Me la, 
CO,Me Ib) were refluxed for 15 min in THF with one 
equivalent of dppee to afford [Co,(p,-CRXp- 
Ph, PCH=CHPPh, XCO),] (R = Me 6a, CO, Me 6b) in 
yields of 85%-—93% (Scheme 2). Complexes 6a and 6b 
have been characterized b by mass spectrometry, micro- 
analysis, IR, 'H, *'P and ‘°C NMR spectroscopy (Table 
1 and Section 4). In addition, complex 6b has been the 
subject of a single-crystal X-ray structure determination. 

Suitable crystals of 6b for single-crystal X-ray 
diffraction analysis were grown by cooling a concen- 
trated pentane solution at 273 K. The molecular struc- 
ture of [Co,(y,-CCO,MeXp-dppeeXCO),] 6b is de- 
picted in Fig. 1; Tables 2 and 3 list bond lengths and 
angles respectively and fractional atomic coordinates 
are given in Table 4. Complex 6b exists as discrete 
molecules in the unit cell with no unusually short inter- 
or intramolecular contacts. 

The structure of complex 6b resembles that of the 
recently reported [Co,(p,-CPhXp-dppeeXCO),] in 
which the capping group is CPh while in 6b it is 
CCO, Me [18]. The structural features of the two com- 
plexes are essentially the same with a face-bridging CR 
group, an edge-bridging cis-dppee ligand and terminally 
bonded carbonyl groups, but there are some noticeable 
differences. The Co—p,-C bond lengths are similar to 
within 0.026 A in 6b while in [Co,(u,CPhXp- 
dppeeXCO),] a variation of 0.06 A is observed. The 
mean value for the non-bridged Co—Co distances in 6b 
of 2.487 Ai is closely similar to the corresponding value 
of 2.485 A in [Co,(CPhXdppeeXCO),] but longer than 
the mean value of the Co—Co distances of 2.467 A in 
the parent complex [Co,(y,-CMeXCO),] la [17]. On 
the contrary, the shorter bridged Co—Co distance of 
2.464(1) A in 6b is similar to the mean value for the 
Co-—Co distances for la while slightly shorter than that 
for the bridged distance in [Co,(y,-CPhXp-dppee)- 
(CO), ] (2.473(2) A). 

Unlike the structure of [Co,(y,-CPh\-dppee)- 
(CO),] in which the dppee ligand bridges equatorial 
sites, some twisting of the dppee ligand in 6b is ob- 
served on its coordination to the Co(1)—Co(3) edge. The 
phosphorus atom (P(1)) of the ligand and C(31)0(31) 
bond equatorially to Co(3) while the remaining carbonyl 
group on Co(3) occupies an axial position. At Co(1), 
however, all three ligands are twisted round so that P(2) 
bonds to Co(1) in a nearly axial position from above the 
Co, plane (towards the capping group instead of away 
from it). The two carbonyl groups adopt pseudoequato- 
rial positions but point slightly beneath the Co, plane 
instead of slightly above it as is the case at the other 
two Co atoms. This is most clearly exemplified by the 
angle Co(1)—Co(3)—P(1) of 97.6(1)° whereas Co(3)- 


Co(1)—P(2) is 111.2(1)°. Also C(1)—Co(3)-P(1) is 
107.5(2)° whilst C(1)—Co(1)—P(2) is 95.9(2)°. 

The dppee ligand itself only rarely bridges two metal 
atoms [18-22]. It is more usual for it to chelate a single 
metal atom [19,21,22a,23]. The bond lengths within the 


Table 4 
Atomic coordinates and equivalent isotropic displacement coeffi- 
cients 





x(x 10*) y(x10*) =. 2x 10*) ~—— Ueq) 
(x 10° A?) 
8166(1) 3X1) 
66431) 371) 
6747(1) 35(1) 
67534) 34(2) 
6152(4) 37(2) 
53163) 6%2) 
4675(6) 9014) 
6350(3) 57(2) 
89495) 52(2) 
9456(4) 82(2) 
8848(5) 48(2) 
930014) 80(2) 
5278(6) 5X3) 
4405(5) 1003) 
726%6) 55(3) 
768X5) 100(3) 
67605) 45(2) 
6850(4) 6%2) 
5402(6) 55(3) 
4538(4) 9X3) 
70906) 53(3) 
7262(6) 98(3) 
7221(1) 34(1) 
78945) 41(2) 
843% 4) 37(2) 





Co(1) 2616(1) 
Co(2) 3762(1) 
Co(3) 1435(1) 
cu) 2701(5) 
C(2) 2678(S) 
ov) 3495) 
C(3) 3471(9) 
O(2) 2013(4) 
c(11) 1736(6) 
O11) 1148(5) 
(12) 3971(6) 
O12) 4855(5) 
c(21) 3931(6) 
O21) 40706) 
(22) 3952(6) 
0(22) 4056(6) 
(23) 52436) 
O(23) 61645) 
G31) 1235(6) 
0G1) 1093(6) 
(32) 1166(6) 
0(32) 1085(S) 
P(1) — 386(1) 
C(4) —491(5) 
CS) 3105) 
P(2) 1860(1) 875101) 331) 
(102) — 78% 4) 5571(3) 52) 
C103) + -—1336 78(2) 
C104) = — 2296 83(2) 
C105) += -—2710 E 7H 2) 
(106) 55(2) 
c(101) 441) 
(202) $2(2) 
(203) 64(2) 
(204) 68(2) 
(205) 76(2) 
(206) 58(2) 
(201) 38(1) 
(302) 48(2) 
(303) 63(2) 
(304) 65(2) 
(305) 64(2) 
(306) 512) 
(301) 38(1) 
0(402) 53(2) 
©(403) 52) 
(404) 52(2) 
C(405) 51(2) 
(406) 48(2) 
(401) 34(1) 


Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized U; ; tensor 


752801) 
8207(1) 
845001) 
717H4) 
62234) 
6114(4) 
52037) 
5584(3) 
8610(5) 
9275(4) 
72005) 
69975) 
8488(6) 
8624(6) 
94105) 
10146(4) 
7310S) 
67274) 
8515(6) 
85506) 
98435) 
107214) 
799001) 
6725(4) 
6045(4) 
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bridging ligand in 6b are comparable with other exam- 
ples; thus the C(4)—C(5) double-bond length (1.3298) 
A) is in very good agreement with the value of 1.31(1) 
observed for [Co,(.,-CPhX-dppeeXCO),]} [18]. 

In the 'H NMR spectra of 6a and 6b, in addition to 
phenyl resonances, signals for the methyl groups are 
observed at 5 = 2.87 ppm (t, “J(HP) = 2.7 Hz) (6a) and 
5 = 3.59 ppm(s) (6b). The olefinic resonances of the 
bridging dppee ligands are not seen but may be masked 
by the broad phenyl region. In the Cc ('H) NMR of 6a 
and 6b at 293 K, triplet resonances are seen for the 
olefinic carbons of the dppee ligand at 5 = 146.6 ppm 
(‘J(CP) ="J(CP) = 26 Hz) and at 5=145.6 ppm 
('J(CP) =*J(CP) = 22 Hz) respectively. Because of the 
close similarity of the spectroscopic data for 6a and 6b 
it may be assumed that 6a possesses a similar structure 
to that of 6b. 


3. Conclusions 


The outcome of the reactions of the tricobalt alkyli- 
dyne complexes [Co,(y,-CRXCO),] (R= Me la, 
CO,Me 1b) with the vinylphosphine ligands 
PPh,CH=CHL (L = H, PPh.) is influenced both by the 
nature of the R group on the cluster and by the sub- 
stituent L on the vinyl phosphine. Thus tris substitution 
of a Ph, PCH=CH, ligand can be induced only in the 
case of Ib. The ligand Ph, CH=CH, can bridge two 
cobalt atoms of the cobalt alkylidyne unit by making 
use of the vinyl moiety; in principle the cis- 
Ph,PCH=CHPPh, could also bridge two cobalt atoms 
in this way but in practice coordination through the 
second phosphorus atom is more favourable. 


4. Experimental details 


All reactions were carried out under nitrogen using 
standard Schlenk techniques. Solvents were distilled 
under nitrogen from appropriate drying agents and de- 
gassed prior to use. Preparative thin layer chromatogra- 
phy (TLC) was carried out on commercial Merck plates 
with a 0.25 mm layer of silica, or on 1 mm silica plates 
prepared at the University Chemical Laboratory, Cam- 
bridge. Column chromatography was performed on 
Kieselgel 60 (70-230 mesh) or (230-400 mesh). Prod- 
ucts are given in order of decreasing R, values. 

The instrumentation used to obtain spectroscopic data 
has been described previously [24]. All NMR spectra 
were recorded at 293 K. Unless otherwise stated all 
reagents were obtained from commercial suppliers and 
used without further purification. The compounds 
[Co,(y,-CRXCO),] (R= Me la, CO,Me 1b) [25,26] 
were prepared by published methods. 


4.1. Reaction of [Co,(,-CR(CO),] (R=Me Ia, 
CO,Me 1b) with PPh,CH =CH, 


(a) The complex [Co,(y,-CMeXCO),] 1a (0.200 g, 
0.44 mmol) was dissolved in heptane (50 ml) and 
PPh,CH=CH, (0.10 ml, 0.50 mmol) was added. The 
mixture was stirred at 308 K for 20 h and the solvent 
then removed under reduced pressure. The residue was 
dissolved in the minimum quantity of CH,Cl, and 
applied to the base of TLC plates. Elution with 
hexane—acetone (17:3) gave purple [Co,(p,- 
CMeXCO),(PPh,CH=CH,)] 2a (0.105 g, 37%), 
[Co,(.,-CMeXCO),(PPh,CH=CH,),] 3a (0.120 g, 
33%) and a trace of an uncharacterized brown complex. 
Complex 2a: fast atom bombardment (FAB) mass spec- 
trum, m/z = 640 (M*) and M*-nCO (n = 2-8). NMR 
(cDCI,): °C ('H composite pulse decoupled), 5 = 
199.7 (s, 8CO), 129.3-123.9 (m, Ph), 124.9 (s, 
PC=CH,) and 39.2 (s, Me) ppm. Complex 3a: FAB 
mass spectrum, m/z = 824 (M*) and M*-nCO(n = 2- 
7). NMR (CDC1,): °C ('H composite pulse decoupled), 
5= 211.8 (s, 7CO), 134.3-128.4 (m, Ph), 131.6 (d, 
'J(CP) = 59 Hz, PC=CH,), 128.8 (s, PCH=CH,) and 
42.2 (s, Me). 

(b) The complex [Co,(.,-CCO, MeXCO), } 1b (0.300 
g, 0.60 mmol) and PPh,CH=CH, (0.14 ml, 0.70 mmol) 
were treated as in (a) to yield green [Co,(p,- 
CCO,MeXCO),(PPh,CH=CH,)] 2b (0.020 g, 5%), 
green [Co,(y,-CCO,MeXCO),(PPh,CH=CH,),] 3b 
(0.286 g, 55%) and green [Co,(p,-CCO,Me)- 
(CO),(PPh,CH=CH,),] 4 (0.173 g, 27%). Complex 
2b: FAB mass spectrum, m/z = 684 (M*) and M*- 
nCO (n= 1-8). NMR (CDCI,): °C (‘H composite 
pulse decoupled), 5 = 201.7 (s, 8CO), 182.9 (s, 
CO,Me), 133.9-128.6 (m, Ph), 132.8 (d, '‘J(CP) = 40 
Hz, PCH=CH,), 129.9 (s, PCH=CH,) and 52.2 (s, 
Me) ppm. Complex 3b: FAB mass spectrum, m/z = 868 
(M*) and M*-nCO (n= 1-3, 5). NMR (CDCI,): °C 
('H composite pulse decoupled), 5= 283.0 (s, p- 
CCO,Me), 205.6 (s, 7CO), 182.4 (s, CO,Me), 134.2- 
128.3 (m, Ph), 133.3 (m, PCH=CH,), 128.8 (s, 
PCH=CH,) and 51.4 (s, Me) ppm. Complex 4: FAB 
mass spectrum, m/z = 1052 (M*) and M*-nCO (n= 
1-6). NMR (CDC1,): °C ('H composite pulse decou- 
pled), 5 = 272.0 (s, w-CCO,Me), 213.2 (s, 6CO), 182.5 
(s, CO,Me), 134.3-128.1 (m, Ph), 132.9 (m, 
PCH=CH,), 127.9 (s, PCH=CH,) and 50.8 (s, Me) 
ppm. 


4.2. Reaction of [Co,(p,-CR(CO),] (R= Me Ila, 
CO, Me 1b) with dppee 


(a) The complex [Co,(,-CMeXCO),] 1a (0.340 g, 
0.75 mmol) was dissolved in THF (50 ml) and cis- 
Ph, PCH=CHPPh, (0.326 mg, 0.83 mmol) was added. 
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The mixture was refluxed for 10 min and the solvent 
then removed under reduced pressure. The residue was 
then dissolved in the minimum amount of CH,Cl, and 
applied to the base of TLC plates. Elution with 
hexane—acetone (3:2) gave red [Co,(y,-CMeXp- 
Ph, PCH=CHPPh,XCO),] 6a (0.550 g, 93%). Com- 
plex 6a (found: C, 52.74%; H, 3.11%; P, 7.79%. 
C,;H,,;Co,0,P, requires C, 52.78%; H, 3.16%; P, 
7.78%): FAB mass spectrum, m/z = 796 (M*) and 
M*-nCO (n = 1-7). NMR (CDCI,): °C (! H composite 
pulse decoupled), 5 = 208.9 (s, 700), 146.6 (t, 'J(CP) 
="J(CP) 26 Hz, Ph,PCH), 135.5—128.6 (m, Ph) and 
43.4 (s, Me) ppm. 

(b) The complex [Co,(y.,-CCO, MeXCO),] 1b (0.102 
g, 0.20 mmol) and cis-Ph,?CH=CHPPh, (0.087 g, 
0.22 mmol) were treated as in (a) to yield dark red 
[Co,(.,-CCO, MeXp-Ph,PCH=CHPPh,XCO),] 6b 
(0.146 g, 85%). Complex 6b (found: C, 51.62%; H, 
3.05%; P, 6.83%. C,,H,,Co,0,P, requires C, 51.44%, 
H, 3.00%, P, 7.38%): FAB mass spectrum, m/z = 840 
(M*) and M*-nCO (n = 1-7). NMR (CDCI,): °C (‘H 
composite pulse decoupled), 5 = 204.3 (s, 700), 182.0 
(s, CO,Me), 145.3 (t, ‘J(CP) =*J(CP) 25 Hz, 
Ph,PCH), 136.7—128.5 (m, Ph) and 51.4 (s, Me) ppm. 


4.3. Thermolysis of [Co,(;-CR)(CO),(PPh,CH = 
CH,)] (R=Me 2a, CO,Me 2b), [Co,(j1;-CRMCO),- 
(PPh,CH =CH,),] (R=Me 3a, CO,Me 3b) and 
[Co,( p,-CCO,Me(CO),(PPh,;CH =CH,),] 4 


(a) A_ solution of the complex [Co,(p,- 
CMeXCO),(PPh,CH=CH,)] 2a (0.250 g, 0.39 mmol) 
in heptane (70 ml) was heated at 343 K for 2 h and the 
solvent then removed under reduced pressure. 

The residue was dissolved in CHCl, was applied to 
the base of TLC plates. Elution with hexane—acetone 
(17:3) gave black [Co,(y,-CMe\p-PPh,CH 
=CH,XCO),] 5a (0.187 g, 78%). Complex 5a: FAB 
mass spectrum, m/z = 612 (M*) and M*-nCO (n= 
1-7). NMR (CDCI,): °C ('H composite pulse decou- 
pled), 8 = 204.4 (s, 7CO), 136.0-128.4 (m, Ph) ppm, 
minor isomer: 56.2 (d, “J(CP) = 6 Hz, PCH=CH,), 
44.5 (s, Me) and 35.6 (d, ‘J(CP) = 45 Hz, PCH= CH, ) 
ppm, major isomer: 55.4 (d, “J(CP) = 7 Hz, 
PCH=CH,), 42.0 (s, Me) and 37.2 (d, 'J(CP) = 43 Hz, 
PCH= CH,) ppm. 

(b) Complex [Co,(y,-CCO,MeXCO),(PPh,CH= 
CH, )] 2b (0.250 g, 0.37 mmol) was treated as in (a) to 
yield green [Co,(p,-CCO,Me)(p-PPh,CH 
=CH,\XCO),] Sb (0.202 g, 84%). Complex 5b: FAB 
mass spectrum, m/z = 656 (M*) and M*-nCO (n= 
1-7). NMR (CDCI,): °C ('H composite pulse decou- 
pled), major isomer: 5 = 204.6 (s, 700), 136.9- oo 2 
(m, Ph), 180.6 (s, CO,Me), 57.1 (d, *J(CP) = 
PCH=CH,), 51.7 (s, Me) and 41.8 (d, ‘J(CP) = pA - 
PCH=CH,) ppm, minor isomer: 5 = 201.1 (s, 7CO), 


136.9-128.2 (m, Ph), 181.5 (s, CO,Me), 58.2 (d, 
*J(CP) = 6 Hz, PC=CH,), 51.9 (s, Me) and 42.3 (d, 
'J(CP) = 51 Hz, PCH=CH,) ppm. 

(c) Complex [Co,(y,-CMeXCO),(PPh,CH=CH,), ] 
3a (0.120 g, 0.15 mmol) was treated as in (a) then 
redissolved in toluene (SO ml) and heated to 383 K but 
no change was observed. 

(d) Complex [Co,(.,-CCO,MeXCO),(PPh,CH= 
CH,),] 3b (0.075 g, 0.09 mmol) was treated as in (c) 
but no change was observed. 

(e) Complex [Co,(p,-CCO,MeXCO),(PPh,CH= 
CH.,),] 4 (0.045 g, 0.04 mmol) was treated as in (c) but 
no change was observed. 


4.4. Reaction of [Co,(;-CR(CO),(PPh,CH =CH,)] 
(R = Me 2a, CO, Me 2b) with CO 


(a) A solution of the complex [Co,(p,- 
CMeXCO),(PPh,CH=CH, )] 2a (0.125 g, 0.19 mmol) 
in heptane (SO ml) was heated to 343 K at 2 h, while 
CO was bubbled through. Separation by TLC using 
hexane—acetone (17:3) as eluent gave unchanged 2a 
and [Co,(y.,-CMeXCO),] la (0.075 g, 87%). 

(b) Complex [Co,(p,-CCO,MeXCO),(PPh,CH= 
CH.,)] 2b (0.095 g, 0.14 mmol) was treated as in (a) to 
yield a trace of 2b and [Co,(y.,-CCO, MeXCO), ] (0.052 
g, 74%). 


4.5. Reaction of [Co;(,-CR)(p-PPh,CH =CH,)- 
(CO),] (R = Me 5a, CO,Me 5b) with CO 


(a) A solution of complex [Co,(y,-CMeX-PPh,- 
CH=CH, XCO),] Sa (0.115 g, 0.19 mmol) in heptane 
(SO ml) was stirred at 293 K for 7 h while CO was 
bubbled through. Separation by TLC using hexane— 
acetone (17:3) gave [Co,(y,-CMeXCO),(PPh,CH 
=CH,)] 2a (0.109 g, 90%) and a trace of [Co,(p,- 
CMeXCO),] 1a. 

(b) Complex [Co,(p,-CCO,Mep-PPh,CH= 
CH, XCO),] 5b (0.130 g, 0.20 mmol) was treated as in 
(a) to yield [Co,(u,-CCO,MeXCO),(PPh,CH= 
CH,)] 2b (0.098 g, 72%) and [Co,(y,-CCO, Me)- 
(CO),] 1b (0.012 g, 12%). 


4.6. X-ray crystal structure determination of 6b 


Suitable crystals of [Co,(y,-CCO,MeXp-Ph,- 
PCH=CHPPh,XCO),] 6b were grown by keeping a 
concentrated pentane solution at 273 K. A single crystal 
was mounted on a goniometer head using epoxy resin 
and transferred to a Siemens R3m/V diffractometer. 


Crystal data 

_C,,H,;Co,0,P,,. M = 840.3, triclinic, space group 
Pi, a = 10.9364) A, b = 12.69%3) A, c= 12.97%(5) 
A, a= 88.2003), B = 85.22(3), y= 78.12(2), U= 
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1757.5(10) A®, Z=2, D, = 1.588 gcm~*, F(000) = 
848, u(Mo Ka) = 15.39 cm™', T = 290 K. 

A dark red prism with approximate dimensions 0.20 
mm X 0.31 mm X 0.41 mm was used. Accurate cell 
dimensions were obtained from 25 reflections in the 
range 20° < 20 < 25°. Intensity data were recorded us- 
ing graphite-monochromated Mo Ka radiation (A = 
0.71069 A), and an w-2@ scan mode to a maximum 
26 value of 45°. Three standard reflections were moni- 
tored every 97 reflections throughout the data collection 
and showed no significant variation in intensity. 

A total of 4723 intensities were measured within the 
range —l1 <A<1l1, -—13<k <0, —13</< 13 and 
averaged to give 4344 unique reflections (R,,, = 0.02) 
of which 3584 were judged as significant using the 
criterion F,,. > 4s(F,,,). Corrections for Lorentz and 
polarization effects were applied. A semiempirical ab- 
sorption correction based on 323 wW scan data was 
applied; minimum and maximum transmission, 0.2553— 
0.3079. The structure was solved by a combination of 
direct methods and Fourier difference techniques. The 
structure was refined by full-matrix least squares with 
all non-hydrogen atoms assigned anisotropic displace- 
ment parameters [27]. Hydrogen atoms were placed in 
idealized positions and allowed to ride on the relevant 
carbon atom with a C—H distance of 0.96 A; each type 
of H atom was refined with a common isotropic dis- 
placement parameter. In the final cycles of refinement a 
weighting scheme of the form w~' = s*(F) + 0.0014F? 
which gave satisfactory agreement analysis was intro- 
duced. The refinement converged to R= 0.048 and 
R,, = 0.053; goodness of fit, 1.47. Final atomic coordi- 
nates and equivalent isotropic displacement parameters 
for the non-hydrogen atoms are listed in Table 4. 

Additional crystallographic data including hydro- 
gen-atom coordinates, displacement parameters and full 
lists of bond parameters have been deposited with the 
Cambridge Crystallographic Data Centre. 
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Abstract 


Bu ,SnoH is an effective reagent for partial conversion of Si—Cl into Si-H groups. The presented hydrogenation mechanism postulates 
the coordination of the catalyst (Lewis bases) or the solvent to silicon, giving an intermediate with higher coordinated silicon atom in the 
first step, followed by the attack of tributyltin hydride by a single electron transfer. This mechanism implies that the intermediate having a 
hypervalent silicon atom reacts more rapidly than the starting tetracoordinated silane. 


Zusammenfassung 


Bu ,SnH ist effektives Hydriermittel zur partiellen Umwandlung von Si—Cl- in Si-H-Gruppen. Der vorgestellte Hydriermechanismus 
erfordert die Koordination eines Katalysators (Lewis-Base) oder des Lésungsmittels unter Bildung eines Intermediates mit héher 
koordiniertem Siliciumatom in einem ersten Schritt. Dieser wird gefolgt von dem Angriff des Tributylzinnhydrids iiber einen 
Einelektronen-Transfer-Schritt. Der Mechanismus setzt voraus, daB das Intermediat mit hypervalentem Si-Atom schneller als das 


Ausgangssilan mit tetravalentem Si-Atom reagiert. 


Keywords: Silicon; Halogenosilanes; Catalysis; Hydrogenation; Tributylstannane 





1. Einleitung 


Die Umsetzung von Halogensilanen R,_ ,SiCl, (x = 
1-4; R = Alkyl oder Vinyl) mit salzartigen oder kom- 
plexen Hydriden fiihrt in der Regel zu vollstandig hy- 
drierten Verbindungen R,_,SiH,. So entsteht bei der 
Hydrierung von SiCl, mit LiAIH, in polaren Lésungs- 
mitteln, wie Tetrahydrofuran (THF) oder Diglyme, aus- 
schlieBlich SiH, als Reaktionsprodukt. Auch bei Ver- 
wendung eines Unterschusses an Hydriermittel werden 
keine partiell hydrierten Produkte erhalten. 

Eine solche Zielstellung sollte sich durch die Anwen- 
dung milderer Reduktionsmittel, wie Organozinnhy- 
dride, die seit langem als effektive Hydriermittel in der 
organischen Chemie bekannt sind, verwirklichen lassen. 

D’Errico und Sharp [1—3] beschrieben die Méglich- 
keiten zur selektiven und schrittweisen Hydrierung von 
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Halogensilanen mit Trimethylstannan in der Gasphase. 
In den untersuchten Halogensilanen und -disilanen wur- 
den Si—Cl- und Si—Br-Bindungen in Si—H-Funktionen 
umgewandelt, die Si-Si- und Si—-F-Bindungen in den 
untersuchten Halogendisilanen wurden dagegen nicht 
angegriffen. Fiir diese Reaktionen wurde ein unpolarer 
Vierzentren-Ubergangszustand postuliert. Ein Radikal- 
kettenmechanismus wurde ausgeschlossen, da der Reak- 
tionsverlauf nicht durch zugesetzte Radikalfanger beein- 
fluBt wird. 

Eigene Untersuchungen an Halogenmono- und -di- 
silanen ergaben, daB deren Hydrierung mit Tributylstan- 
nan durch Lewis-Basen katalysiert werden kann [4,5]. In 
einer einstufigen Synthese sind auf diesem Weg auch 
partiell hydrierte Silane erhaltlich. Effektivitét und Se- 
lektivitat der Hydrierreaktion 


R,_, SiC, + yBu,SnH 
—— R,_,SiH,Cl,_, + yBu,SnCl 
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lassen sich durch Auswahl von Lésungsmittel und Kata- 
lysator (Lewis-Base) gezielt beeinflussen. Im folgenden 
sollen charakteristische Hydrierergebnisse und aufge- 
fundene Zusammenhange zu den gewahlten Reaktions- 
bedingungen vorgestellt werden. 


2. Ergebnisse und Diskussion 
2.1. Hydrierung von Siliciumtetrachlorid 


2.1.1. EinfluB des Lésungsmittels. 

Bei der lésungsmittelfreien Reaktion von SiCl, mit 
Bu,SnH ist eine mit geringer Effektivitat ablaufende 
Trichlorsilanbildung zu beobachten. Sie verlauft offen- 
sichtlich auf einem radikalischen Reaktionsweg, der 
durch aus dem homolytischen Zerfall von Bu,SnH 
resultierende Radikale initiiert wird. 

In unpolaren Lésungsmitteln, wie Aromaten und 
Kohlenwasserstoffen, findet keine Hydrierreaktion statt 
bezeihungsweise sie springt nicht an. Wahrscheinlich 
werden Kafigeffekte wirksam und/oder Startradikale 
abgefangen. Der HydrierprozeB 1aBt sich in den genann- 
ten Lésungsmitteln aber mit Radikalstartern (AIBN oder 
Dibenzoylperoxid) initiieren. Hauptsachlich entsteht 
jeweils das monohydrierte Produkt SiHCI,. Die Menge 
der erhaltenen Hydrierprodukte ist von der Reaktions- 
temperatur und von der Art und der Konzentration der 
Startradikale abhangig. Ein ahnlicher Reaktionsverlauf 
war in wenig polaren Ethern, z.B. 1,4-Dioxan, Anisol 
und Dibenzylether, die aber im Vergleich zu aliphati- 
schen Kohlenwasserstoffen oder Toluen leichter mit 
Radikalen unter H-Abstraktion reagieren sollten, zu re- 
gistrieren. 

Im Gegensatz zu den ionischen oder komplexen Hy- 
driden sind Organozinnhydride in den meisten organi- 
schen Lésungsmitteln sehr gut léslich beziechungsweise 
mit ihnen vollstandig mischbar. Dies ermédglicht die 
Untersuchung des Einflusses von Solventien, die sich in 
ihren Eigenschaften sehr stark voneinander unterschei- 
den. Beziiglich ihrer Wirkung auf die Hydrierung von 
SiCl, mit Bu,SnH lassen sich die untersuchten 
Lésungsmittel in vier Gruppen einteilen (Tabelle 1). 
Unpolare Lésungsmittel mit geringen H-Donor-Eigen- 
schaften sind grundsatzlich inaktiv. Radikalisch ver- 
laufende Prozesse, die bei der SiCl,-Hydrierung 
Trichlorsilan als Hauptprodukt liefern, sollten in einer 
Gruppe wenig polarer Ether zu finden sein. 

Einen grundsatzlich anderen Verlauf nimmt die Hy- 
drierung in polaren Lésungsmitteln, z.B. THF, 
Polyether, Nitrile oder Hexamethylphosphorsaueretri- 
amid (HMPT). Der Reaktionsmechanismus sollte in 
diesen Fallen durch die Beteiligung ionischer Species 
und /oder Elektroneniibertragungsschritte bestimmt sein, 
da der zeitliche Reaktionsverlauf dem der Hydrierung 


Tabelle 1 

Lésungsmitteleinflu8 auf die Hydrierung von SiC], mit Bu,SnH 
LM-Gruppe DN * AN® 4 (D) DK 
keine Hydrierung 0-3° 0-3 0-12 1.9-3.1 
bevorzugt SiHCI, 3-15 8-11 04-16 2.2-5.6 
alle Hydrierprodukte 12-39 8-19 1.7-5.6 5.8-35.9 


alle Hydrierprodukte, = 30 2-19 10-40 24-23. 
Addukte 


* Donorzahl nach Gutmann [6] und Reichhardt [7]. 

» Akzeptorzahl nach Gutmann [6] und Reichhardt [7]. 

© Ausnahmen sind die Lésungsmittel Dibutyl- und Dibenzylether 
(DN, 18 beziehungsweise 19), fiir die die Donorzahlen allerdings 
nicht kalorimetrisch bestimmt, sondern berechnet wurden. 











mit LiAIH, (in THF oder Diglyme) analog ist. Die 
Verwendung von polaren Lésungsmitteln fihrt zu einem 
Gemisch von Hydrierprodukten. Mit steigender Polaritat 
und Donorstarke des Lésungsmittels wird SiH, immer 
mehr zum bevorzugten Hydrierprodukt. Durch einen 
Uberschu8 an Bu,SnH kann SiH, selektiv erhalten 
werden. 

Lésungsmittel mit groBer Donorstirke, aber gerin- 
gerer Polaritat (z.B. tert-Amine), bilden feste Addukte 
mit SiCl,, woraus aber keine nachteiligen Wirkungen 
auf den Hydrierproze8 resultieren. 

Im Falle der Verwendung von Acetonitril als 
Lésungsmittel entsteht ein zweiphasiges System 
(Bu,SnH—MeCN + SiCl,), in dem die Hydrierreaktion 
an der Phasengrenze stattfindet. Als bevorzugtes Hy- 
drierprodukt wurde Trichlorsilan (neben Dichlorsilan) 
erhalten. 


2.1.2. Lewis-Basen als Katalysatoren der Hydrierung 
von Chlorsilanen. 

Der Zusatz von quaternaren Ammonium- und Phos- 
phoniumhalogeniden als Katalysatoren zu einer SiCl,— 
Tributylstannan-Lésung in einem inaktiven Lésungsmit- 
tel, wie Toluen, fiihrt zur bevorzugten Bildung von 
SiH,. Die katalytische Aktivitat dieser Salze hangt ge- 
nerell nicht von der Art der organischen Reste am N- 
oder P-Atom ab. Die Verbindung [(Ph,P),N]*CI~ er- 
brachte beispielsweise die gleichen katalytischen Ef- 
fekte wie Tetraalkylammoniumhalogenide. Dies 
bestatigte die Vermutung, daB die Halogenidionen die 
eigentlich katalytisch wirksamen Species sind. Die Er- 
gebnisse korrelieren mit den bekannten Donorzahlen fiir 
die Halogenidionen [8]. Die angegebenen Werte fiir 
Cl-, Br~ und I~ (DN, 36.2, 33.7 und 28.9) liegen in 
der selben GréBenordnung wie fiir starke Donorlésungs- 
mittel, in denen die Hydrierung bevorzugt zum vollstin- 
dig hydrierten Produkt SiH, verlauft. 

Verschiedene Stickstoff- und Phosphorverbindungen, 
wie Amine, Stickstoffheterocyclen, 1,4-Diaza-buta-1,3- 
diene (DAD), Phosphane und Phosphite, zeigen in Kor- 
relation zu ihren elektronischen Strukturen eine 
abgestufte Katalysatorwirkung. 
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2.2. Stickstoff-Verbindungen 


Mit steigender Basizitaét der Liganden erhdht sich 
prinzipiell die Reaktionsgeschwindigkeit, und SiH , wird 
immer mehr zum bevorzugten Hydrierprodukt. Die 
Basizitat der Liganden kann zum Abschitzen der kataly- 
tischen Wirksamkeit dieser Verbindungen herangezogen 
werden. Allerdings laBt sich der Vergleich der Katalysa- 
toren nicht durchgingig iiber die verschiedenen 
Verbindungsklassen hinweg fiihren. Beispielsweise 
zeigen Pyrazin und Diphenylamin, trotz ahnlicher Basi- 
zitét (pK, = 0.61 und 0.79), eine unterschiedliche kata- 
lytische Aktivitét (Tabelle 2). Neben der Basizitit 
miissen deshalb weitere elektronische und sterische 
Eigenschaften der Katalysatoren zur Beschreibung ihrer 
Effekte herangezogen werden. 

Die Hydrierung von SiCl, wird auch durch DAD 
katalysiert. In allen Fallen wurde ein Gemisch von 
Hydrierprodukten erhalten. Uber die Variation der orga- 
nischen Reste (R, und R,) gelingt die Verinderung der 
katalytischen Aktivitét dieser Verbindungen. Gruppen 
mit einem +1-Effekt (Cyclohexyl oder tert-Butyl), die 
eine hohe Elektronendichte an den Stickstoffatomen 
erzeugen, ergeben auch einen hocheffektiven Katalysa- 
tor fiir die SiH,-Bildung (Abb. 1). Dagegen entsteht 
beim Einsatz der phenylsubstituierten Verbindung selek- 
tiv SiHCl,. 

Interessant erscheint auch ein Vergleich ein- und 
zweizahniger Stickstoffliganden. Gemessen an den Ba- 
sizitatskonstanten von a ,a’-Bipyridyl (bipy) und 1.10- 
Phenanthrolin (phen) (pK, = 4.50 und 4.98 [9]) wire 
eine mit Chinolin vergleichbare katalytische Aktivitat 


Tabelle 2 
Wirkung von N-Lewis-Basen auf die SiCl,-Hydrierung in Toluen 


1.4-Diaza-buta-1.3-diene 
R R Verringerung der katalytischen Aktivitat 
; : R, =H; R,=Cyh; ‘Bu; "Bu; Ph P 
R, = Me; R,= "Pr; Bz; Ph 
R,= Ph; R, =H; Me; Ph 





R,—N N—R, 


Abb. 1. Katalytische Aktivitaét der DAD. 


zu erwarten. Die beobachtete Aktivitat ist im Falle der 
zweizahnigen Liganden aber wesentlich niedriger. Diese 
Effekte kénnen durch die Bildung der oktaedrischen 
Komplexe SiCl;bipy und SiCl; phen hervorgerufen 
werden. Wahrend Verbindungen mit pentakoor- 
diniertem Si-Atom in jedem Falle sehr viel reaktiver als 
die entsprechenden tetrakoordinierten sind, ist das Ver- 
halten von Species, in denen das Si-Atom die Koordina- 
tionszahl 6 aufweist, uneinheitlich [10]. Generell sollten 
fiir nukleophile S, 2-Reaktionen, die iiber Ubergangs- 
zustande mit einem heptakoordinierten Si-Atom verlau- 
fen, die sterischen Verhiltnisse eine wichtige Rolle 
spielen. 


2.3. Phosphor-Verbindungen 


Fiir Phosphor(III)-liganden erweist sich der von Tol- 
man [11] fiir die Charakterisierung der Donor- und 


Akzeptoreigenschaften eingefiihrte elektronische Para- 
meter x als eine geeignete LeitgréBe zur Abschatzung 
der katalytischen Aktivitat der Phosphorliganden [12,13]. 
Eine eindeutige Korrelation der Donoreigenschaften mit 
den katalytischen Effekten wurde beobachtet, d.h. mit 





Amine N-Heterocyclen 


Hydrierergebnis 





Tributylamin 
TMEDA 

DABCO 
N,N-Dimethylanilin 


N-Methylimidazol 


Diphenylamin 
Triphenylamin 


bevorzugt SiH, und SiHC],, Adduktbildung 
bevorzugt SiH, und SiHCI,, Adduktbildung 
bevorzugt SiH, und SiHCI,, Adduktbildung 
bevorzugt SiH, und SiHCI,, Adduktbildung 
bevorzugt SiH, und SiHCl,, Adduktbildung 
SiHCI, und SiH,Cl, (15%) 

selektiv SiHC1, 

selektiv SiHC1, 

keine Hydrierung 

keine Hydrierung 





Tabelle 3 
Wirkung von P-Lewis-Basen auf die SiC] ,-Hydrierung 





elektronische Parameter y 


Hydrierprodukte (in Toluen, Bu,SnH : SiCl, = 1: 1) 





Hauptprodukt SiH,, wenig SiHCI, 

Hauptprodukt SiH ,, wenig SiHCI, 

Hauptprodukte SiH, und SiHCI,, wenig SiH Cl, 
Hauptprodukte SiH, und SiHC1,, wenig SiH Cl, 
Hauptprodukt SiHCI,, wenig SiH, und SiH Cl, 
Hauptprodukt SiHCI,, wenig SiH ,Cl,, Spur SiH ,Cl 
Hauptprodukt SiHC!,, wenig SiH ,Cl, 
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Erhéhung der Donorstarke der Katalysatoren wird SiH, 
immer mehr zum Hauptprodukt (Tabelle 3). Die Dar- 
stellung partiell hydrierter Silane gelingt nur bei Ver- 
wendung schwach basischer Phosphane oder von Phos- 
phiten. 


2.4. Hydrierung von Methylchlorsilanen 


Neben der Basizitaét der Katalysatoren bestimmt die 
Akzeptorstarke der Chlorsilane den Verlauf der Hydrie- 
rung. Die Reaktivitét der Chlorsilane gegeniiber Tri- 
butylstannan nimmt in der Reihe SiCl, > MeSiCl, > 
Me,SiCl, > Me,SiCl ab. Diese Tendenz steht in 
Ubereinstimmung mit der abnehmenden Akzeptorstarke 
der Methylchlorsilane. Nur starke Lewis-Basen, wie 
N-Methylimidazol (NMI), HMPT oder die Halogenidio- 
nen katalysieren beispielsweise die Hydrierung von 
Me,SiCl. Die schwacheren Wechselwirkungen der 
Methylchlorsilane mit den Katalysatorbasen im Ver- 
gleich zu SiCl, werden auch dadurch dokumentiert, daB 
nur selten feste Addukte Methylchlorsilan—Katalysator 
entstehen. Die Tabelle 4 zeigt einen Vergleich der 
Hydrierergebnisse der Methylchlorsilane sowie des 
SiCl, bei Einsatz verschiedener Katalysatoren. Die ge- 
fundene Abstufung der Aktivitét der Lewis-Basen als 
Hydrierkatalysatoren ist vergleichbar mit der Effektivitat 
als Silylierungsreagenzien (Me, SiCl—Lewis-Base) [14]. 

Auch Vinyltrichlorsilan lieB sich nach Zugabe von 
Lewis-Basen leicht hydrieren. Dabei wurden die ge- 
winschten Produkte ViSiH ,Cl,_, erhalten. Nebenreak- 
tionen, wie die Hydrierung der Vinylgruppe oder eine 
Polymerisation, wurden nicht beobachtet. 


2.5. Reaktionsmechanismus 


Durch Radikalstarter kann prinzipiell eine SiCl ,-Hy- 
drierreaktion zu SiHCl, initiiert werden, wie die eige- 
nen Untersuchungen mit AIBN- oder DBPO-Zusatz 
gezeigt haben. Die Lewis-Base-katalysierte Reaktion 
der Chlorsilane mit Bu,SnH sollte aber weder iiber den 
von D’Errico und Sharp [1] postulierten unpolaren 
Vierzentreniibergangszustand noch iiber radikalische 
Schritte verlaufen. 


Tabelle 4 
Ausgewahite Hydrierergebnisse an Methylchlorsilanen 


Die eigenen Ergebnisse stehen im Einklang mit einem 
Hydriermechanismus, der durch folgende wesentliche 
Schritte gepragt wird: 

D: + SiCl, ——> D-SiCl, (2) 

D-SiCl, + Bu,SnH —— [D-SiCl; , Bu,SnH*] (3) 

[D-SiCl; , Bu,SnH* |] ——> D-SiHCI, + Bu,SnCl 
(4) 


Die Katalysator—Lewis-Base koordiniert zunachst am 
Si-Atom im Chlorsilan iiber eine Donor—Akzeptor- 
Wechselwirkung, denn das Tributylzinnhydrid hat im 
Vergleich mit den Chlorsilanen wesentlich schwacher 
ausgepragte Elektronenpaar-Akzeptor-Eigenschaften 
(Gl. (2)). Das hei&t eine primaire Aktivierung der Sn- 
H-Bindung, die eine Verstarkung des hydridischen Cha- 
rakters des Wasserstoffatoms zur Folge hatte, kann unter 
den eingestellten Reaktionsbedingungen ausgeschlossen 
werden. 

Die Starke der Wechselwirkungen zwischen dem 
Chiorsilan und der Lewis-Base variiert in Abhangigkeit 
von der Donorstarke der Katalysatoren und der Akzep- 
torstarke der Chlorsilane iiber einen weiten Bereich. Die 
Base-Addukte kénnen in Lésung entweder weitgehend 
dissoziiert oder molekular vorliegen. In den Addukten 
sind die Si—Cl-Bindungen gegeniiber den freien Chlorsi- 
lanen aufgeweitet. Die Neigung zur Bildung des 
Donor—Akzeptor-Komplexes ist in erster Linie von der 
o-Donizitat der Lewis-Basen, deren sterischen Eigen- 
schaften, unter anderem der Méglichkeit zur Chelatbil- 
dung, sowie von der Akzeptorstarke des Chlorsilans 
abhangig. Im Einklang damit kénnen der elektronische 
Ligandenparameter y fiir Phosphor(III)-Verbindungen, 
die Basenstarke von N-Donor-Verbindungen und die 
Donorzahl der Lésungsmittel als Kriterien fiir die Ab- 
schatzung der katalytischen Aktivitét verwendet wer- 
den. Die Koordination der Liganden fihrt zur Bildung 
von Verbindungen, in denen das Si-Atom penta- oder 
hexakoordiniert vorliegt. Eine wesentliche Vorausset- 
zung fiir die Hydrierung besteht damit in der Aktivie- 
rung der Si—Cl-Bindung durch die Donor—Akzeptor- 
Wechselwirkung des Katalysators mit dem Chlorsilan, 
in die auch das Lésungsmittel einbezogen werden kann. 





Katalysator SiC], MeSiCl, 


Me, SiCl, Me, SiC! 





PPh, 
PCyh, 
P(NEt,); 


Ph, PBr 
HMPT 
NMI 


Hauptprodukt SiHCl, 
Hauptprodukt SiH, 
Hauptprodukt SiH ,, 
Adduktbildung 
Hauptprodukt SiH , 
Hauptprodukt SiH , 
Hauptprodukt SiH ,, 
Adduktbildung 


keine Reaktion 

alle Hydrierprodukte 
alle Hydrierprodukte, 
Adduktbildung 
Hauptprodukt MeSiH , 
Hauptprodukt MeSiH , 


Hauptprodukt MeSiH ,, 


Adduktbildung 


keine Reaktion 
keine Reaktion 
keine Hydrierung, 
Adduktbildung 
Me, SiH (Spur) 
Me,SiH 

Me, SiH, 
Adduktbildung 


keine Reaktion 

alle Hydrierprodukte 
alle Hydrierprodukte, 
Adduktbildung 
Hauptprodukt Me, SiH , 
Hauptprodukt Me, SiH, 
Hauptprodukt Me, SiH,, 
Adduktbildung 
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Die eigentliche Hydrierreaktion erfolgt an den Species 
mit hypervalentem Si-Atom (Gl. (3)). Fir den Cl—H- 
Austausch kann generell sowohl ein Elektronentransfer- 
als auch ein Hydridtransfer-Mechanismus diskutiert 
werden. Da aber die Hydrierung auch in unpolaren 
Medien durch bestimmte Katalysatoren zur Bildung der 
vollistandig hydrierten Produkte stimuliert wird, miissen 
Prozesse, die iiber die Bildung von freien lonen verlau- 
fen, als wenig wahrscheinlich angesehen werden. Damit 
in Ubereinstimmung sind auch die fiir die Hydrierung 
von Me,SiCl und ClMe,Si—SiMe,Cl [5] mit Bu,SnH- 
Bu,SnD ermittelten kinetische Isotopieeffekte k,,/kp 
mit einem Wert von ungefahr 1. Bei einem direkten 
Hydridtransfer sollte ein stark von 1 abweichender Wert 
auftreten. 

Kochi hat an einer Reihe von Substitutionsreaktionen 
die Mdglichkeit eines von Organozinnhydriden aus- 
gehenden Elektronentransfers aufgezeigt [15]. Die 
Fahigkeit zur Aufnahme eines Elektrons wird wesent- 
lich durch das Reduktionspotential bzw. die energeti- 
sche Lage des ‘‘lowest unoccupied molecular orbital’’ 
(LUMO) im Donor—Akzeptor-Komplex bestimmt. Von 
Bedeutung ist weiterhin, wie stark das vom Stannan 
ubertragenen Elektron im entstandenen Anionenradikal 
D-SiCl, delokalisiert werden kann. Wie ab-initio-Be- 
rechnungen zeigten [16], wird durch die Komplexbil- 
dung die Energie des LUMO gegeniiber dem freien 
Chlorsilan deutlich abgesenkt ( E y.yo(SiCl,) = 3.55 eV 
bzw. EyyyolSiCl; DAD) = —0.46 eV). Als Ligand 
wurde fiir die Berechnungen Glyoxaldiimin HN=CH- 
CH=NH ausgewahlit. 

AuBerdem ist das Anionenradikal SiCl; DAD sta- 
biler also SiCl; , d.h. die Species mit héher koordinier- 
tem Si-atom diirften leichter reduzierbar sein als die 
Molekiile mit tetravalentem Si-Atom. Die katalytische 
Wirkung der Lewis-Base dokumentiert sich auBer der 
Aktivierung der Si—Cl-Bindung in einer Begiinstigung 
der Elektronenaufnahme und in der Stabilisierung der 
Anionenradikale. 

Im, durch den Elektronentransfer vom Alkylstannan 
zum Katalysator—Silan-Komplex, gebildeten Radikalio- 
nenpaar ist das Radikalanion vermutlich durch die 
Katalysator—Lewis-Base sstabilisiert (Gl. (4)). Das 
Radikalionenpaar reagiert in einem Lésungsmittelkafig 
weiter zum Hydrierprodukt und Bu,SnCl. Die Art der 
entstehenden Hydrierprodukte wird sowohl von der 
Donorstarke des Katalysators als auch der Akzeptor- 
starke des Chlorsilans bestimmt. Da die Akzeptorstarke 
in der Reihe SiCl, --- SiH, abnimmt, sind die Wech- 
selwirkungen der Lewis-Base mit den Hydrierprodukten 
jeweils schwicher, als mit dem Start-Chlorsilan. Mit 
stark basischen Katalysatoren sind auch die Addukte 
bzw. Ubergangszustande wasserstoffhaltiger Chlorsilane 
lange genug stabil. Da der Angriff des Alkylstannans 
bevorzugt an den Species mit hypervalentem Si-Atom 
erfolgt, kénnen in einer schnellen Folge von Reaktionen 


mit Bu,SnH mehrfach hydrierte Produkte entstehen. 
Die Addukte mit schwacheren Katalysator—Lewis-Ba- 
sen zerfallen dagegen schon nach dem ersten Hydrier- 
schritt. So wird beispielsweise SiHCl, zum bevorzugten 
Produkt der SiCl,-Hydrierung. 

Die Hydrierung mit Bu,SnH 148t sich auch an Si,Cl, 
und Methylchlordisilanen durchfiihren. Dabei ist zu 
beachten, daB Silylsubstituenten die Akzeptorstirke von 
Si-Atomen betrachtlich erhéhen. Dies erméglicht die 
Katalyse der Hydrierung auch mit schwachen Lewis- 
Basen. Mit den katalytisch am starksten wirksamen 
Basen tritt hier in Konkurrenz zur Hydrierung eine 
Disproportionierung des Disilans auf [17]. 

Die Hydrierung von Chlorsilanen mit Bu,SnH erwies 
sich als ein flexibler Zugangsweg zu teilhydrierten Pro- 
dukten. Durch Auswahl geeigneter Lésungsmittel oder 
Katalysatoren kann die Reaktion auf die gewiinschten 
Produkte hin optimiert werden. Verbindungen, die 
mehrere funktionelle Gruppen enthalten (ViSiCI,), 
kénnen selektiv mit Bu,SnH hydriert werden. Die 
durchgefihrten Untersuchungen zeigten, daB Bu,SnH 
durch komplexe Hydride (LiAIH,), aber unter bestimm- 
ten Bedingungen auch durch NaH, und katalytische 
Mengen Bu,SnCl ersetzt werden kann. Solche Systeme 
fihren prinzipiell zu den gleichen Hydrierergebnissen. 
Das bei der Hydrierung gebildete Bu,SnCl ist auch iiber 
eine Umsetzung mit NaH in Polyethern wieder in 
Bu,SnH iiberfiihrbar, so daB prinzipiell das Stannan im 
Kreislauf gefiihrt werden kann [18]. 


3. Experimentelles 


Chemikalien und Lésungsmittel waren handelsibli- 
che Produkte meist der Fa. Merck. Bu,SnH wurde ohne 
vorherige Reinigung verwendet (das enthaltene Bu, Sn, 
hatte keinen Einflu8 auf die Reaktion). Die Lésungsmit- 
tel und Katalysatoren wurden vor dem Einsatz gereinigt 
und getrocknet. Die Diazadiene wurden durch Umset- 
zung der entsprechenden Amine mit a-Dicarbonyl-Ver- 
bindungen synthetisiert. 


3.1. Hydrierversuche 


Die Versuche wurden unter anaeroben Bindingungen 
durchgefihrt. Jeweils 6.6 mmol Bu,SnH wurden im 
betreffenden Lésungsmittel vorgelegt (ungefahr 25%ige 
Lésung). Das Molverhiltnis Stannan: Chlorsilan betrug, 
wenn nicht anders angegeben, immer 1: 1. Im Falle der 
SiCl ,-Hydrierung entspricht dies einem H: Cl-Verhilt- 
nis von 1:4. Die eingesetzte Katalysatormenge betrug 
gewohnlich 1/50 der Molzahl des eingesetzten Chlorsi- 
lans. Durch die Reaktionsmischung wurde ein konstan- 
ter Wasserstoffstrom geleitet, der die entstandenen 
Reaktionsprodukte zum on-line gekoppelten Gaschro- 
matografen (Chromatron GCFH 18.3, gepackte Saule, 
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Porolith mit 15% FS16 (Trifluorpropylsilicon)) spiilte. 
Uber eine Gasprobenschleife wurde in zeitlichen Inter- 
vallen von 3-5 min die Zusammensetzung der Gas- 
phase iiber der Reaktionsmischung bestimmt. Auf diese 
Weise war es méglich, den zeitlichen Verlauf der Hy- 
drierreaktion zu erfassen. 


3.2. Analytik 


Die Produktanalyse erfolgte weiterhin mittels 'H-, 
'c., “si, **P- und '’Sn-NMR an einem Bruker MSL 
300. Entstandene feste Addukte wurden mittels IR- 
Spektroskopie an einem Nicolet-FT-IR-Spektrometer 
oder Réntgendiffraktometrie an einem TuR M62-Gerat 
der Fa. Philips charakterisiert. 
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Abstract 


The modified general valence force field (GVFF) of the free cyclopentadieny! (Cp) anion was developed with internal coordinates to 
perform the normal coordinate analysis (NCA). Further it is shown that it is possible to transfer the GVFF of the free ring to the 
coordinated form. The NCA and the GVFF of (Cp)T! with inclusion of the ring ligand is presented for the first time. Good agreement 
between observed and calculated wavenumbers has been achieved for both model calculations, the (Cp)K and the (Cp)TI. The force fields 
together with force constants and potential energy distribution are given. 





1. Introduction 


Recently, we have studied the vibrational spectra of 
ferriosilanes of the type (CpXOC),Fe(SiR,XCp = 
C.H,; SiR, = SiH,, SiMe,, Si(Cl)Me,, Si(Cl),Me or 
SiCI,) [1,2]. These molecules are photochemically ac- 
tive and therefore are of general interest for model 
studies of hydrosilylation. In these papers we focused 
our interest on the determination of the metal—ligand 
vibrations. In a first step towards the development of 
the valence force field of a complete ferriosilane 
molecule we carried out the normal coordinate analysis 
(NCA) of the trihydridosilane of the type (CpXOC),- 
Fe(SiH ,) where the ring ligand was treated as a point 
mass [3]. For inclusion of the complete ring ligand into 
the force field instead of the point mass approximation 
it is necessary to develop first the NCA of the free ring 
ligand, the cyclopentadieny! (Cp) anion. 

In this paper we present the general valence force 
field (GVFF) of the Cp anion. The NCA was performed 
with the use of internal coordinates instead of possible 
symmetry-adapted coordinates for better transferability 
of the force field to the ferriosilanes which have lower 
symmetry. This principle was successfully used in our 
investigations concerning the development of the NCA 
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of a complete osmium(II) half-sandwich molecule [4—6]. 
We have proven the validity of the force field per- 
formed for the free Cp for the coordinated state of the 
ring by application of the force field on the simpliest 
form of a 1°-coordinated Cp, the molecule (Cp)TI. 
Therefore we have also developed the general valence 
force field for (Cp)TI. For both the free and the Tl-coor- 
dinated Cp anion, we used the vibrational data given in 
the literature. 


2. Group symmetry considerations 


The cyclopentadienyl anion has D,. symmetry, and 
the 24 vibrational degrees of freedom are distributed 
amongst the symmetry species as 


2.A’,(Ra) +A’,(n.a.) +A”,(IR) + 3E,(IR) 
+ E” (Ra) + 4E’,(Ra) + 2E",(n.a.) 


Therefore the ring has 14 bands with four of A-type 
symmetry and ten of E-type symmetry. Three bands are 
inactive and their band positions have to be calculated 
without available experimental data. 

In the case of 7° coordination on the thallium atom 
the symmetry of the molecule is lowered to C,,. The 
former inactive modes of type E”, now transform as E, 
and are Raman active. The group-theoretical treatment 
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yields 27 normal modes which are distributed as fol- 
lows: 


4A,(Ra, IR) +A,(n.a.) + 5E,(Ra, IR) + 6E,(Ra) 


There are three additional normal modes compared with 
the free ring. One is the symmetric ring—metal stretch 
vibration of symmetry type A, and two are degenerated 
with symmetry type E, and form the corresponding 
antisymmetric ring—metal stretch vibration. The sym- 
metric C—H out-of-plane deformation mode 5,(C—H),,, 
of symmetry type A’, now has A, symmetry, whereas 
the two inactive out-of-plane deformations of E’-type 
symmetry are now of E, symmetry and Raman active. 


3. Normal coordinate analysis 
3.1. Structure parameters 

Regular pentagons for the rings were assumed. The 
bond lengths were taken from the literature [7,8] as 
follows: C—C bond, 1.417 A; C-H bond, 1.110 A; 
TI-C bond, 2.680 A; C-—C-C angle, 108°; C-TI-C 
angle, 55°. 
3.2. Vibrational data 


The first step of performing a NCA is the determina- 
tion of the vibrational wavenumbers of the chosen 


Table 1 


compound. In contrast with benzene and its derivatives 
the Cp anion exists only as a salt with a counter-ion. 
The compound with predominently ionic character of 
the metal—ring bond is (Cp)K whose vibrational data we 
will use as those of a ‘“‘free’’ Cp anion in this paper. 
There are several studies concerning the vibrational 
spectra of alkali metal cyclopentadienides [9-12]. How- 
ever, some of the band positions of the normal modes of 
(Cp)K are still uncertain. The bands with A’,- and 
E-type symmetry are not IR active and not Raman 
active. Whereas a band at about 1260 cm~' was de- 
rived from solid state studies for the 5,(C—H),, vibra- 
tion, there exist only calculated wavenumbers for the 
E-type symmetry bands [13]. For one of these, the 
5,,(C-C),.,. band, a wavenumber of about 600 cm™' 
has been calculated. This value seems to be too large 
because the comparable normal mode of benzene is at 
about 400 cm~'. The antisymmetric C—H stretch vibra- 
tion of E-type symmetry has been assumed in Refs. 
[12,13] to be at about 3060 cm~'. Since in all other 
cyclopentadienides the wavenumber value of this band 
was determined to be about 5-15 cm™' below the 
corresponding antisymmetric C—H stretch vibration of 
E’-type symmetry, we estimated a value of 3050 cm™' 
in our calculations. Observed and calculated wavenum- 
bers for the Cp anion in (Cp)K are compiled in Table 1 
together with the assignments and the potential energy 
distribution (PED). 

For the NCA of the 1°-coordinated Cp anion on 


Observed and calculated wavenumbers of the Cp anion in (Cp)K with assignments and potential energy distributions 





Symmetry Assignment Observed wavenumber * 
(Ds) (cm~') 


Calculated wavenumber PED” 
(cm™') (%) 





v(C-H) 3088 
v(C-C) 1119 


8(C-H),, _* 


5(C-H) 05 
v,(C—H) 
v,(C-C) 
5,,(C-H),, 
8,,(C-H) 505 
v,(C-H) 
5,(C-C),, 
5,,(C-H),, 
§,(C-O),, 
8,e(C-HD 50 


8,(C-C) sop 


3088 99s, 
1119 98s, 


1260 1008 
100x« 
99s, 
46B + 44s, + 9a 
648 + 30s, + 6a 
557 + 44x 
99s, 
56s, + 23a+21B 
868 + 6s, +6a 
54s, + 39s,+6B 


637 + 37K 
647 + 36K 





* [9-11]. 

» PED values below 3% are omitted. 
© Not Raman active nor IR active. 

* Estimated value (see text). 
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Table 2 


Observed and calculated wavenumbers of the 1°-coordinated Cp anion (Cp)T! with assignments and potential energy distributions 





Symmetry 
(Cy) 


Assignment * 


Observed wavenumber ° 


Calculated wavenumber 
(cm™~') 





A, v(C-H) 
v{C-C) 
5,(C-H) 05 
v{Ti-Cp) 


3096 
1120 
727 
160 


49B + 44s, + 6a 
668 + 29s, + 4a 
67x + 31r 
945, + 4« 


99s, 

59s, +22B + 18a 
938 +6a 

73s, + 18a+ 7B 
69x + 277+ 4s, 
40s, + 337+ 26x 





* The assignments of the ring vibrations are those of the free ring for better comprehension. 


[12-14]. 
* PED values below 3% are omitted. 
* Band position uncertain (see text). 


thallium we used the vibrational data reported in the 
literature. The wavenumbers of the ring vibrations were 
derived from solid state Raman and IR spectroscopy 
[14,15], whereas the metal—ring stretch vibrations were 
detected by microwave spectroscopy [16]. Table 2 sum- 
marizes the observed and calculated values similar to 
those of Table 1. As can be recognized, most of the 
vibrations of the ring in (Cp)TI have only slightly 
changed band positions of up to 35 cm~' when com- 
pared with the free ring vibrations. 


3.3. Vibrational force fields 


The internal coordinates are defined in Figs. 1 and 2 
for (Cp)K and for (Cp)TI respectively; s denotes the 
stretch coordinates, a and B denote the in-plane defor- 
mation coordinates, and « and 7 denote the out-of-plane 
coordinates. 


Fig. 1. Defined internal coordinates for the free cyclopentadieny! 
anion: s,, C—C stretch; s,, C—H stretch; a, C-C-C bend in plane; 
B, C—C-H bend in plane; x, C-H bend out of plane; r, C-C 
torsion. 


The free Cp anion can be described by a force field 
with 35 diagonal elements including ten stretch, 15 
in-plane bend, five out-of-plane bend and five torsion 
coordinates. In the case of the (Cp)TI the internal 
coordinates are the same as used for the free ring with 
addition of the metal—ring stretch coordinates. To per- 
form the NCA of (Cp)TI, the optimized GVFF of the 
free Cp anion was expanded with the TI—C stretch 
coordinates and necessary interaction force constants. 
The force field was then refined by use of the assign- 
ments and band positions of (Cp)T1 as stated above. 

The normal coordinate calculations were performed 
by use of the FG matrix method of Wilson et al. [17] 
and of a modified version of ocmp-067 [18] and viA 
[19]. The calculations were carried out on a SPARC /2 
workstation and on a personal computer. 


H 
s 
H . I oH - 
5 Yi 
H H | 


Fig. 2. Defined internal coordinates for the °-coordinated cyclopen- 
tadienyl anion: s,, C—C stretch; s,, C-H stretch; s,, TI-C stretch; 
a, C-C-C bend in plane; 8, C-C-H in plane; x, C—H bend out of 
plane; +, C—C torsion. 
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4. Results and discussion 


As already mentioned above, the wavenumbers cal- 
culated for (Cp)K and (Cp)TI are compiled in Tables 1 
and 2 respectively and compared with their observed 
values. The corresponding potential energy distribution 
of each normal mode is also given. The resulting force 
constants and their definitions are compiled in Table 3. 

Good agreement between the calculated and ob- 
served wavenumbers for both the free and the coordi- 
nated Cp anion was obtained. The wavenumbers of the 
24 normal modes of (Cp)K and of the 27 normal modes 
of (Cp)T1 were calculated with deviations smaller than 1 
cm~' in all cases. For the (Cp)K we used a force field 


Table 3 


with 35 diagonal elements and 150 off-diagonal ele- 
ments represented by 26 different force constants. The 
force field of (Cp)Tl was performed by means of 40 
diagonal and 195 off-diagonal elements and the number 
of different force constants is increased to 35. 

The small deviations of the band positions between 
free and coordinated ring lead also to small changes in 
the PEDs. Most of the force constants also differ only 
by small amounts. Larger changes were observed only 
for the diagonal force constant of the torsion coordinate 
t which decreases from 0.595 mdyn A~' for (Cp)K to 
0.153 mdyn A~' for (Cp)TI. This is caused through the 
coupling with the TI—C stretch coordinate because the 
displacements of both coordinates coincide. Likewise 


Internal coordinates and calculated force constants of the free and the °-coordinated Cp anion (for definitions see Figs. 1 and 2) 





Internal coordinate 


Definition 


(Cp) ] (D,,) 
value * 





Diagonal 

C-C stretch 

C-H stretch 

TI-C stretch 

C-C-C bend in plane 

C-—C-H bend in plane 

C-H bend out of plane 
C-C torsion 


Stretch—stretch interaction 

C-C stretch—C-C stretch (adjacent) 
C-C stretch-C-C stretch (1 adjacent) 
C-C stretch—C-H stretch 

C-C stretch-TI-C stretch (adjacent) 
C-C stretch-TI-C stretch (1 adjacent) 
C-H stretch-C-H stretch (adjacent) 
C-H stretch-C-H stretch (1 adjacent) 
C-H stretch-TI-C stretch 

TI-C stretch—-TI-C stretch (adjacent) 
TI-C stretch—-TI-C stretch (1 adjacent) 


Stretch—Bend interaction 

C-C stretch-C—C-—C bend in plane 

C-C stretch-C-—C-—C bend in plane (adjacent) 
C-C stretch-C—C-—H bend in plane 

C-C stretch-C-—C-H bend in plane (adjacent) 
C-H stretch-C-—C-H bend in plane 

TI-C stretch-C—C-C bend in plane (adjacent) 
TI-C stretch-C—C-—C bend in plane (1 adjacent) 
TI-C stretch—-C—C-H bend in plane 


Bend—bend interaction 

C-C-C bend in plane—C—C-C bend in plane (adjacent) 
C-C-—C bend in plane—C—C-—C bend in plane (1 adjacent) 
C-—C-—C bend in plane—~C—C-—H bend in plane 

C-C-C bend in plane—C—C-H bend in plane (adjacent) 
C-C-H bend in plane~C-C-H bend in plane 

C-—C-H bend in plane—C—C-H bend in plane (adjacent) 
C-—C-H bend in plane—C—C-H bend in plane (1 adjacent) 
C-H bend out of plane—C—H bend out of plane 

C-H bend out of plane—C-C torsion 

C-C torsion—C-—C torsion 





* Values for stretches and their interactions are in millidynes per Angstrém, for bendings, waggings and torsions and all interactions thereoff in 
millidyne Angstréms per square radian and for interactions of stretches with bendings, waggings and torsions in millidynes per radian. 
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the interaction force constant tT is lowered from 0.206 
to 0.001 mdyn A rad~?. 

The antisymmetric C—C deformation modes 6,(C- 
C),, of E, symmetry were found at 1346 cm~' and 854 
cm~' in (Cp)K. Owing to coordination, the first is 
raised to 1350 cm~' and the other is lowered to 843 
cm~'. These small changes in the band positions cause 
a decrease in the interaction force constant aa’ in the 
force field which is lowered from —0.124 to —0.568 
mdyn A rad~?. 

The three inactive modes of the Cp anion with A,- 
and E’-type symmetry were calculated to be at 1260 
cm~', 841 cm™' and 334 cm™' for the 5,(C-H),,, 
5,(C-H),., and 6,(C—C),,,, bands respectively. For 
the latter a value of 361 cm” ' (Cp)/T1 was evaluated. 
The high value of 7 in the PED is lowered to 33% 
owing to the strong coupling with s, which participated 
with 40%. 

The Tl—Cp vibrations which are described by s, are 
almost completely uncoupled with other coordinates. 
Only the PED of the metal-ring ‘‘tilt’’ vibration v,(TI- 
Cp) contains a small amount of an out-of-plane defor- 
mation coordinate. For the TI—-C stretch coordinate s, a 
value of 0.690 mdyn A~' was evaluated. This shows 
the strength of the ring—metal bond of a system with 
n°-coordinated Cp. If the ring ligand had been treated as 
a point mass at the center of the ring, the molecule 
(Cp)T1 could then be reduced to a two-mass oscillator. 
In this case, a force constant of 2.443 mdyn A~' is 
obtained. Related to a single TI-C bond this would be 
0.498 mdyn A~', which means a difference of about 
30% compared with the result of the complete NCA. 
Therefore, the results of the NCA performed with point 
mass approximations in these cases have to be consid- 
ered as questionable. 
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Abstract 


Ruthenocenylacetylene reacted with trans-Ptl(C,H,X-pXPPh,), (X =H, Me, OMe, Cl or CO,Me) in the presence of Cul in 
diethylamine—CH Cl, to give the Pt(II) ruthenocenylacetylide complexes, trans-P(C=CRc) (C,H,X-pXPPh,), with a good yield. 
Similarly, cis-Pt((C=CRcXC,H ,OMe-pXdppe) was prepared. The structure of trans-Pt(C=CRcXC,H ,CO,Et-pXPPh,), was determined 
by single-crystal X-ray diffraction. No reaction of the trans isomers with DDQ or AgBF, took place, while the cis isomer was oxidized 
with AgBF, to give the coupling products RCC=CC,H,OMe-p with a low yield. The oxidation of the cis isomer with iodine occurred on 
the Pt atom to afford p-MeOC,H,I and Ptl,(dppe) as the main products. 


Keywords: Ruthenocene; Oxidation; Acetylide complex; Platinum complex 





1. Introduction 


From the viewpoint of developing a new functional- 
ized material, the chemistry of ferrocenylacetylene has 
been recently revived. Ferrocenylacetylene reacted with 
ruthenium dodecacarbonyl to give a new type of trinu- 
clear complex [1]. B [2], Ru(I1) [3], Fe(I1) [4], Ni(ID [5], 
Pd(II) [5] and Pt(Il) ferrocenylacetylide complexes [6] 
were reported. The reaction of Re(I) phenylacetylide 
and ferrocenylacetylene was also reported [7]. The Mn(I) 
ferrocenylacetylides were reported to have potential 
non-linear optics [8]. We recently reported the synthesis 
and oxidation of trans- and cis-Pt(II) ferroceny- 
lacetylides [9,10]. However, the chemistry of rutheno- 
cenylacetylene has been rarely investigated. It is well 
known that ruthenocene is a stable metallocene similar 
to ferrocene but shows different electrochemical proper- 
ties. We here report the synthesis and oxidation of 
trans- and cis-Pt(II) ruthenocenylacetylides. 


2. Results and discussion 


Ruthenocenylacetylene (1) [11] was allowed to react 
with trans-Ptl(PPh,),C,H,OMe-p (2a), which was 
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prepared from the reaction of Pt(PPh,), with p- 
MeOC,H,| [12], in diethylamine—CH,Cl, in the pres- 
ence of a catalytic amount of Cul at room temperature 
to give trans-P(C=CRcXC,H,OMe-pXPPh,), (3a) 
with 78% yield (Scheme 1), Similarly, 3b (X = Me), 3c 
(X = H), 3d (X = Cl) and 3e (X = CO,Et) were pre- 
pared with good yields. The structures of 3a—3e were 
assigned by IR, 'H, °C, *'P NMR spectra and elemen- 
tal analysis. For example, the 'H NMR spectrum of 3b 
showed the methyl protons of the tolyl group at 6 = 1.94 
ppm, the ring protons of the ruthenocenyl moiety at 
5 = 3.80 (2H), 4.13 (2H), and 4.16 (SH) ppm, the aryl 
protons as doublets at 5 = 6.09 and 6.42 ppm, and the 
phenyl protons of PPh, as multiplets at 6 = 7.19-7.56 
ppm. In the ‘°C NMR spectrum of 3b, the signals of the 
acetylenic carbon atoms were observed at 5 = 109.00 
and 109.70 ppm and the former signal was split by the 
coupling with the phosphorus atoms coordinated to the 
Pt atom (J = 15.9 Hz). The “P NMR spectrum of 3b 
showed only one signal at 21.15 ppm accompanied by a 
satellite (J = 3008 Hz) by coupling with the ‘Pt atom, 
indicating the trans configuration of the PPh, ligands 
on the Pt atom in 3b. In the IR spectrum of 3b, the 
C=C stretching vibration appeared at 2120 cm~'. The 
spectral data of 3a—3e are summarized in Table 1. In 
similar conditions, the reaction of ruthenocenylacety- 
lene (1) with the Pd analog, Pdi(C,H,OMe-pXPPh,),, 
gave no Pd complex, trans-Pd(C=CRcXC,H,OMe-p)- 
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(PPh,),, but the coupling product, RCC=CC,H ,OMe-p 
(4), with good yield. The IR spectrum of 4 showed the 
C=C stretching vibration at 2225 cm~'. In the  - 
NMR spectrum of 4, the acetylenic carbon atoms ap- 
peared at 5 = 85.43 and 85.49 ppm as singlets. The 'H 
NMR spectrum of 4 showed only doublets at 6 = 6.82 
and 7.36 ppm in the phenyl proton region. These spec- 
tral data and elemental analysis confirmed the structure 
of 4. When the trans isomer 3a was allowed to react 
with 1,2-bis(diphenylphosphino)ethane (dppe) in 
CH,Cl, at room temperature, the cis isomer, cis- 
Pt(C=CRcXC,H,OMe-pXdppe) (5), was obtained with 
84% yield (Scheme 2). It is a remarkable that both the 
acetylenic carbon atoms showed coupling with the 
phosphorus atoms coordinated to the Pt atom in the ". 
NMR spectrum of 5. The acetylenic carbon atom con- 
nected directly to the Pt atom resonated at 108.76 ppm 
as a double doublet (J = 148.0 and 15.6 Hz) and the 
other acetylenic carbon atom at 105.77 ppm as a double 
doublet (J = 33.4 and 2.1 Hz), in which the phosphorus 
atom trans to the acetylide ligand is responsible for the 
larger coupling constant. Also, the methylene carbon 
atoms were observed at 26.72 and 30.43 ppm as double 
doublets owing, ito the coupling with the phosphorus 
atoms. In the “'P NMR spectrum of 5, two signals 
accompanied by the Pt satellite appeared at 43.65 ppm 
(J = 2540 Hz) and 38.23 ppm (J = 1544 Hz). From the 
comparison with the complex reported previously [13], 
the former is assigned to the phosphorous atom trans to 
the acetylide ligand. 

Single-crystal X-ray diffraction was carried out to 
confirm the structure of 3e. The ORTEP view of 3e was 
shown in Fig. 1. The crystallographic data was summa- 
rized in Table 2 and the selected bond distances and 
angles are collected in Table 3. The bond angles around 


the Pt atom are nearly 90° and the stereochemical 
geometry around the Pt atom is a distorted square-planar 
in 3e. The ruthenocenylacelylide ligand is coordinated 
trans to the aryl ligand on the Pt atom (C(1)—Pt—C(13), 
175.7(3)°). The Pt—P distances (2.307(2) and 2.314(2) 
A) are similar to those of the ferrocene analog, trans- 
Pt(C=CFeXC,H,CO,Et-pXPPh,), (2.296(2) and 
2.305(2) A) [10], cis-P(C=CFo), (PPh 3)2 (2.310(3) and 
2.314(3) A) [6a]. The Pt~C(1) distance is 2.0678) A, 
which is similar to that of trans-Pt(C=CFcXC,H,CO,- 
Et-pX(PPh,), (2.034(7) A) [10], somewhat shorter than 
that of trans-Pt(C=CFcKHXPPh,), (2.137(10) A), and 
somewhat longer than that of cis-P(C=CFo), (PPh,), 
(1.991(10) A) [6b]. The substituted cyclopentadicnyt 
ring of ruthenoceny! moiety in 3e is rotated by 70° from 
the plane of the square-planar around the Pt atom, 
contrary to the fact that the planes of the substituted 
cyclopentadienyl ring of the ferrocenyl moiety and the 
square-planar around the Pt atom are nearly coplanar to 
each other in trans-Pt((C=CFcXC,H,CO, Et-pXPPh,), 
[10]. It is note worthy that each one of the phenyl! ring 
of the two PPh, ligands is nearly parallel to the benzene 
ring of the aryl ligand (17.3 and 19.3°). These are 
probably due to the intramolecular steric effect or the 
packing effect of the molecule in the crystal. 

The cyclic voltammograms of 3a—3e and the related 
complexes, pMeOC,H,C=CRc (4) and trans-( p- 
MeOC,H,\Ph,P),PtC=CPh (6), were measured in a 
solution of 0.1 M n-Bu,NCIO, in CH,Cl, at a Pt 
electrode and a sweep rate of 0.1 V s~' (Fig. 2). The 
redox potential was corrected to the potential of FcH- 
FcH*. Complexes 3a—3e showed successive three an- 
odic waves at 0.2-0.7 V. The assignment of these 
waves is difficult, because the reference compounds 4 
and 6 also afforded the waves in a similar region 





CH,Cly /Et,NH 








Table 1 
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NMR and IR data for 3a—3e 





Complex 


"H NMR, 6 
(ppm) 


SC NMR, 8 *'P NMR, 8 
(ppm) (ppm) 





3a 


3.52 (s, 3H, OCH,) 

3.81 (t, J = 1.7 Hz, 2H, Cp-B), 
4.13 (t, J = 1.7 Hz, 2H, Cp-a), 
4.15 (s, SH, Cp-ipso), 

5.94 (d, J = 8.5 Hz, 2H, C,H,), 
6.42 (d, J = 8.5 Hz, 2H, C,H,), 
7.21-7.58 (m, 30H, PPh,) 


1.94 (s, 3H, CH,), 

3.80 (t, J = 1.7 Hz, 2H, Cp-B), 
4.13 (t, J = 1.7 Hz, 2H, Cp-a), 
4.16 (s, SH, Cp-unsub), 

6.09 (d, J = 7.7 Hz, 2H, C,H,), 
6.42 (d, J = 7.7 Hz, 2H, C,H,), 
7.19—7.56 (m, 30H, PPh,) 


3.80 (t, J = 1.7 Hz, 2H, Cp-B), 
3.72 (t, J = 1.7 Hz, 2H, Cp-c), 
4.14 (s, SH, Cp-unsub), 
6.01-6.33 (m, 3H, C,H), 

6.59 (d, J = 7.6 Hz, 2H, C,H), 
7.20-7.57 (m, 30H, PPh,) 


3.81 (bs, 2H, Cp-B) 

4.14 (bs, 7H, Cp-a + Cp-unsub), 
6.20 (d, J = 8.1 Hz, 2H, C,H,), 
6.49 (d, J = 8.1 Hz, 2H, C,H,), 
7.22-7.58 (m, 30H, PPh,) 


1.30 (t, J = 7.1 Hz, 3H, CH,), 
3.80 (t, J = 1.7 Hz, 2H, Cp-B), 
4.13 (t, J = 1.7 Hz, 2H, Cp-a), 
4.14 (s, SH, Cp-unsub), 

4.22 (q, J = 7.1 Hz, 2H, CH,), 
6.72 (d, J = 8.2 Hz, 2H, C,H,), 
6.86 (d, J = 8.2 Hz, 2H, C,H,), 
7.20-7.58 (m, 30H, PPh,) 


55.51 (s, OCH,,), 68.46 (s, Cp-B), 21.39 

70.73 (s, Cp-unsub), 72.52 (s, Cp-a), (J pp = 2990 Hz) 
76.55 (s, Cp-ipso), 

108.34 (t, J = 15.6 Hz, C=C), 109.75 (s, C=C), 

113.51 (s, C,H,), 127.43 (t, J = 5.0 Hz, PPh,), 

129.60 (s, PPh,), 131.61 (t, J = 27.7 Hz, PPh), 

134.85 (t, J = 6.0 Hz, PPh,), 

139.02 (s, C,H,), 146.79 (t, J = 10.1 Hz, C,H,), 

154.86 (s, C,H,) 


20.40 (s, CH,,), 68.44 (s, Cp-B) 

70.73 (s, Cp-unsub), 72.54 (s, Cp-a), 

74.47 (s, Cp-ipso), 109.70 (s, C=C), 

109.00 (t, J = 15.9 Hz, C=C), 

127.38 (t, J = 5.4 Hz, PPh,), 

127.88 (s, C,H,), 129.10 (s, C,H), 

129.52 (s, PPh,), 131.68 (t, J = 28.1 Hz, PPh,), 
134.87 (t, J = 6.2 Hz, PPh,), 139.06 (s, C,H,), 
151.55 (t, J = 10.1 Hz, C,H,-ipso) 


68.44 (s, Cp-B), 70.72 (s, Cp-unsub), 

72.52 (s, Cp-a), 76.54 (s, Cp-ipso), 

108.09 (t, J = 16.1 Hz, C=C), 109.93 (s, C=C), 
120.30 (s, C,H), 126.87 (s, C,H), 

127.45 (t, J = 5.2 Hz, PPh,), 129.59 (s, PPh,), 
131.64 (t, J = 28.2 Hz, PPh,), 

134.84 (t, J = 6.1 Hz, PPh,), 139.54 (s, C,H), 
157.65 (t, J = 9.8 Hz, C,H.) 


68.44 (s, Cp-B), 70.72 (s, Cp-unsub), 

72.50 (s, Cp-a), 76.27 (s, Cp-ipso), 

106.63 (t, J = 15.9 Hz, C=C), 

110.31 (s, C=C), 126.55 (s, C,H,), 

127.54 (t, J = 5.2 Hz, PPh,), 

130.00 (s, C,H,), 131.30 (t, J = 28.3 Hz, PPh,), 
134.81 (t, J = 6.1 Hz, PPh,), 140.00 (s, C,H,), 
156.06 (t, J = 10.0 Hz, C,H,) 


14.39 (s, CH,), 59.72 (s, CH), 

68.52 (s, Cp-B), 70.73 (s, Cp-unsub), 

72.49 (s, Cp-a), 76.17 (s, Cp-ipso), 

106.16 (t, J = 16.6 Hz, C=C), 110.69 (s, C=C), 
122.31 (s, C,H,), 126.98 (C,H,), 

127.54 (t, J = 5.0 Hz, PPh,), 129.85 (s, PPh,), 
131.16 (t, J = 28.7 Hz, PPh,), 

134.76 (t, J = 6.0 Hz, PPh,), 139.09 (s, C,H,), 
168.48 (s, C,H,), 170.42 (t, J = 9.6 Hz, C,H,) 
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c(18) (17) 


Fig. 1. ORTEP view of 3e. 


(E,, = +0.50 and +0.52 V respectively) and the po- 
tential of each wave in 3a—3e was not influenced 
systematically by the substituent on the aryl ligand. 
Ruthenocene undergoes an irreversible two-electron ox- 
idation in CHCl, [14] but shows a reversible one-elec- 
tron redox wave if the supporting salt has an extremely 
weak coordination ability [15]. Also, [3] ruthenoceno- 
phanes and [4] ruthenocenophanes exhibit a behavior 
similar to that of ruthenocene in CH ,CN [16]. However, 
decamethylruthenocene, in which the high oxidation 
state is expected to be stabilized by the Cp” ligand, 


Table 2 
Crystal and intensity collection data for 3e 


gives a reversible redox wave both in CH,Cl, and 
CH,CN [17]. These results indicate that the electro- 
chemical behavior of ruthenocene derivatives is influ- 
enced by the kind of ligands, the solvent, the supporting 
salt and so on. Recently, the chemical or electrochemi- 
cal oxidation of permethyl[3}ruthenocenophane in 
CH,CN was reported to result in the dicationic Ru(IV) 
complex coordinated by CH,CN [18]. Then, the cyclic 
voltammetry of 3a—3e was also carried out in CH,CN 
but the cyclic voltammogram similar to that in CHCl, 
was observed, suggesting that no stable complex coordi- 





Molecular formula 

Molecular weight 

Crystal system 

Space group 

a(A) 

b (A) 

c (A) 

a (°) 

BC) 

y¥©) 

v (A’) 

Z 

Deaie (g om™*) 

Crystal dimensions (mm) 

Linear absorption coefficient (cm™ ') 
Radiation (A (A)) 

Reflection (hk/) limits 

Total number of reflections measured 
Number of unique reflections 
Number of reflections used in least-squares method 
Least squares parameters 


R 
Maximum peak in final Fourier map (electrons A~*) 
Minimum peak in final Fourier map (electrons A~?) 


C.,H,4,0,P,RuPt 
1123.12 

Triclinic 

Pi (No. 2) 
11.9105) 
13.871(3) 
16.718(2) 
87.0%2) 

68.16(2) 

65.38(1) 
2312.5(10) 

2 

1.61 

0.10 x 0.28 x 0.10 
34.826 

Mo Ka (0.71073) 
0<h< 16, —17<k< 19,21 <1<23 
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benzene 


4 + Ptidppe) + -(_\—-ome + [Re—C=C+5 
6 7 


Scheme 3. 


nating CH,CN to the Ru atom forms in the Pr(Il) 
ruthenocenylacetylides. In contrast with the trans iso- 
mers, the cis isomer 5 in CHCl, showed two distinct 
anodic waves at 0.22 and 0.48 V, as well as a small 


wave at 0.70 V, in the cyclic voltammogram. The large 
anodic waves seem to correspond to that of the refer- 
ence compounds 4 and 6 but the precise assignment is 
impossible because of the similar anodic potentials of 4 
and 6. Similar to the trans isomers 3a—3e, the first 


Table 3 
Selected bond distances (A) and angles (°) for 3e 


anodic potential of 5 is shifted to a lower level by about 
0.3 V than the anodic potential of the reference com- 
plexes. This is probably caused by the increased elec- 
tron density on the Ru atom due to the greater anionic 
character in the acetylide than the acetylene structure or 
the increased electron density on Pt atom due to the 
electron-donating ruthenocenyl group. 

The oxidation of the trans isomer 3a with dichloro- 
dicyanobenzoquinone (DDQ) or AgBF, in CHCl, was 





Bond distances 
Pr(1)—P(1) 
Pr(1)—-CU) 
Ru(1)—C(3) 
Ru(1)—C(5) 
Ru(1)—C(7) 
Ru(1)—C(9) 
Ru(1)—C(11) 
P(1)—C(22) 
P(1)—C(34) 
P(2)—C(46) 
C(1)-C(2) 


2.307(2) 
2.067(8) 
2.202(7) 
2.162(10) 
2.186(9) 
2.21415) 
2.164(11) 
1.811(7) 
1.84% 8) 
1.828(7) 
1.112(11) 


Bond angles 
P(1)—Pr(1)—C(1) 
P(2)—Pr(1)—C(1) 
P(1)—Pr(1)—P(2) 
Pr(1)—C(1)—C(2) 
Pt(1)—P(1)—C(22) 
Pr(1)—P(1)—C(34) 
(28)—P(1)—-C(34) 
Pr(1)—P(2)—C(40) 
Pr(1)—P(2)—C(S2) 
©(40)—P(2)—C(S2) 


87.1(2) 

91.7(2) 
175.71) 
172.7) 
115.43) 
112.3) 
107.1(4) 
119.703) 
114.43) 
104.6(4) 


Pt(1)—P(2) 
Pr(1)—C(13) 
Ru(1)—C(4) 
Ru(1)—C(6) 
Ru(1)—C(8) 
Ru(1)—C(10) 
Ru(1)—O(12) 
P(1)—C(28) 
P(2)—C(40) 
P(2)—C{(S2) 
O(2)-C(3) 


2.314(2) 
2.045(6) 
2.187(10) 
2.21113) 
2.198(11) 
2.180(14) 
2.181(12) 
1.827) 
1.832(8) 
1.8246) 
1.502(11) 


P(1)—Pr(1)—C(13) 
P(2)—Pr(1)—C(13) 
C(1)—Pr(1)—C(113) 
C(1)—C(2)-C(3) 

Pr(1)—P(1)—C(28) 
(22)—P(1)—C(28) 
(22)—P(1)—C(34) 
Pr 1)—P(2)—0(46) 
(40)—P(2)-C(46) 
(46)—P(2)—C(S2) 


90.5(2) 

90.%2) 
175.73) 
177.209) 
115.1(3) 
102.8(4) 
102.54) 
110.43) 
101.2(4) 
104.2(4) 








M. Sato, E. Mogi / Journal of Organometallic Chemistry 508 (1996) 159-167 





Pe 
an 
Pre ight 
| 
ar 
| 


+0.60 
+0.43 
+029 
+0.48 
+0.70 
40.0 
77 
+032 














(Vv) 


Fig. 2. The cyclic voltammograms of (a) 3a, (b) 5, (c) 4 and (d) 6 in 
0.1 M n-Bu,NCIO, in CH,Cl, at 0.1 Vs". 


carried out but the starting material was recovered 
quantitatively. This is contrary to the case in the fer- 
rocene analog in which the stable one-electron oxidized 
species was isolated with a good yield under similar 
conditions [10]. This may be because the first anodic 
potential of 3a (0.29 V) is considerably higher than that 
of the ferrocene analogs (— 0.16 V). In the mononuclear 
ruthenocene derivatives, only the oxidized species iso- 
lated stably is [Cp,RuX]* which involves formally a 
Ru(IV) atom oxidized chemically by halogen [19]. So, 
the oxidation of 3a with iodine in CH,Cl, was at- 
tempted. A small amount of brown solid was isolated 
but the structure determination was impossible because 
of its instability in solution. 

The cis isomer 5 was not oxidized with 1.1 equiva- 
lent of DDQ in CH,Cl,, similarly to the trans isomer 
3a. However, the reaction of 5 with a stronger oxidant, 
AgBF,, afforded the coupling product, RCC=CC,H,O- 


Me-p (4), with 37% yield. A similar coupling reaction 
was observed in the cis isomer of the ferrocene analogs 
[9]. It proves from this result that the oxidation of the 
ruthenocene analog 5 also induces the reductive elimi- 
nation on the Pt atom to produce the C—C coupling 
product. The moderate yield of the coupling product in 
the oxidation of 5 with AgBF, is considered to be 
probably because the ruthenocene analog has a higher 
first anodic potential than the ferrocene analog and then 
the requirement of a stronger oxidant makes the reaction 
more complex. It is not clear whether the Ru or Pt atom 
in 5 is oxidized first, because the anodic potentials of 
both sites are close to each other. The oxidation of 5 
with iodine in benzene gave p-MeOC,H,I (7) (75%) 
and Ptl,(dppe) (8) (65%), together with a trace amount 
of 4 and RCC=CC=CRc (Scheme 3). The result can be 
explained as follows: the oxidative addition of iodine 
takes place on the Pt(II) atom, and not on the Ru atom 
in 5, followed by the formation of short-lived Pr(IV) 
species and the reductive elimination from the interme- 
diate. Probably, the reductive elimination from the 
Pt(IV) intermediate produces 7, RcC=CI and Pt(dppe). 
The Pt(0) species, Pt(dppe), immediately reacts with 
excess of iodine to give 8. RCC=CI does not seem to be 
isolated because of its instability but only a part of it is 
isolated as the coupling product, RCC=CC=CRc. Thus 
the difference of the oxidant seems to control the path 
of the oxidatively induced reductive elimination. 

In summary, some novel Pt(II) ruthenocenylacetylide 
complexes, trans-P(C=CRcXC,H,X-pXPPh,), (X= 
OMe, Me, H, Cl or CO,Et) and cis-Pt(C=CRceXC,- 
H,OMe-pXdppe), were prepared. As expected, the 
waves in the cyclic voltammograms were irreversible 
and their anodic potentials were very high. As a result, 
the oxidation of the trans isomers with DDQ or AgBF, 
did not occur at all, while the cis isomer was oxidized 
only with AgBF, to afford the coupling product 
RcC=CC,H,OMe-p with a moderate yield. It was not 
clear whether the formation of the coupling product 
proceeded through the first oxidation on the Ru atom 
and the successive electron transfer from the Pt atom or 
the direct oxidation on the Pt atom, followed by the 
reductive elimination from the Pt{III) species. On the 
contrary, the reaction of the cis isomer with iodine was 
initiated by the oxidative addition of iodine to the Pt 
atom and followed by the reductive elimination from 
the resulting Pt(IV) species. 


3. Experimental details 
3.1. General comments 
Visible and near-IR spectra were recorded on a Shi- 


madzu 365 spectrometer and IR spectra on a Perkin— 
Elmer System 2000 spectrometer. The ‘H NMR, “°C 
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NMR and *' P NMR spectra were measured on a Bruker 
AM400, ARX400 or AC200 spectrometer. In the mea- 
surement of the *'P NMR spectrum, 85% H,PO, was 
used as the external reference. Electrochemical mea- 
surements were made by cyclic voltammetry in a solu- 
tion of 0.1 M (n-Bu),NCIO, in CH,Cl, or acetonitrile 
under nitrogen at 25°C, using a standard three-electrode 
cell on a BAS CV-27 analyzer. All potentials were 
measured vs. an Ag /AgNO, (0.05 M) electrode and the 
scan rate was 100 mV s~'. Ruthenocenylacetylene [11] 
and trans-Ptl(PPh,),C,H,OMe [12] were prepared ac- 
cording to the methods described in the literature. All 
experiments were undertaken in a nitrogen-saturated 
solvent under nitrogen. 


3.2. Procedure 


3.2.1. trans-P(C = CRc)(PPh,),C,H,OMe-p (3a). 

To a solution of ruthenocenylacetylene (102 mg, 0.4 
mmol) and trans-Pt(PPh,),C,H,OMe (381 mg, 0.4 
mmol) in CH,Cl, (15 ml) and diethylamine (15 ml) 
was added copper(I) iodide (80 mg, 0.04 mmol). The 
mixture was stirred for 20 min at room temperature and 
then the solvent was evaporated under reduced pressure. 
The residue was chromatographed on alumina by elu- 
tion of hexane : CHCl, (1: 1) to give 3a as pale-yellow 
crystals (338 mg (78.2%)) (recrystallized from hexane- 
CH,Cl,) (melting point (m.p.), about 171°C (decom- 
position)). Anal. Found: C, 59.68; H, 4.17%. 
C,,H,,OP,RuPt - }CH,Cl, calc.: C, 59.33; H, 4.22%. 

Other trans isomers were prepared in a similar man- 
ner. 


3.2.2. trans-P(C =CRc)(PPh,),C,H,Me-p (3b). 
Pale-yellow crystals (yield, 71.0%, m.p., about 169°C 

(decomposition)). Anal. Found: C, 62.06; H, 4.24. 

C.cH,,P,RuPt calc.: C, 62.20; H, 4.35%. 


3.2.3. trans-P(C =CRc(PPh,),C,H, (3e). 
Pale-yellow crystals (yield, 59.8%; m.p., about 170°C 

(decomposition)). Anal. Found: C, 61.22; H, 4.21. 

C.,H,4,P,RuPt calc.: C, 61.70; H, 4.21%. 


3.2.4. trans-PXC =CRc(PPh,),C,H,Cl-p (3d). 
Pale-yellow crystals (yield, 81.6%; m.p., about 202°C 

(decomposition)). Anal. Found: C, 59.61; H, 3.92. 

C,,H,,CIP,RuPt calc.: C, 59.75; H, 3.99%. 


3.2.5. trans-P4(C = CRc)(PPh;),C,H,CO, Et-p (3e). 

Pale-yellow crystals (yield, 77.2%; m.p., about 170°C 
(decomposition)). Anal. Found: C, 60.82; H, 4.28. 
C,,H,,0,P,RuPt calc.: C, 60.95; H, 4.35%. IR (KBr): 
v(C=C) 2117; (C=O) 1702 cm™'. 


3.2.6. RCC=CC,H,OMe-p (4). 
To a solution of ruthenocenylacetylene (51 mg, 0.2 


mmol) and trans-Pdi(PPh,),C,H,OMe-p (173 mg, 0.2 
mmol) in CH,Cl, (10 ml) and diethylamine (10 ml) 
was added copper(I) iodide (40 mg, 0.02 mmol). After 
the mixture was stirred for 20 min at room temperature, 
the solvent was evaporated under reduced pressure. The 
residue was chromatographed on alumina by elution of 
hexane : CHCl, (2:1) to give 4 as yellow crystals (46 
mg (63%)) (recrystallized from hexane—CH ,Cl, ) (m.p., 
122—123°C). Anal. Found: C, 63.30; H, 4.47. 
C,oH,,ORu cale.: C, 63.15; H, 4.46%. IR (KBr): 
v(C=C) 2225 cm='. "H NMR (CDCI): 8 3.80 (s, 3H, 
OCH,), 4.57 (t, J = 1.7 Hz, 2H, Cp-B), 4.62 (s, SH, 
Cp-unsub.), 4.88 (t, J = 1.7 Hz, 2H, Cp-a), 6.82 (d, 
J =8.9 Hz, 2H, C,H,), and 7.36 (d, J = 8.9 Hz, 2H, 
C,H,) ppm. Sc NMR (CDCI,): & 55.25 (OCH,), 
69.19 (Cp-ipso), 70.49 (Cp-B), 71.72 (Cp-unsub.), 73.48 
(Cp-a), 85.43 (Re-C=), 85.49 (Ar-C=), 113.86 
(C,H,), 115.97 (C,H,), 132.76 (C,H,), 159.20(C,H,) 
ppm. 


3.2.7. cis-PXC =CRce)(C, H,OMe-p)(dppe) (5). 

To a solution of trans-Pt(C=CRc) (PPh,).- 
C,H,OMe-p (3a) (195 mg, 0.18 mmol) in 
dichloroethane (10 ml) was added dppe (144 mg, 0.36 
mmol). After the solution was stirred for 20 min at 
room temperature, the solvent was evaporated under 
reduced pressure. The residue was chromatographed on 
alumina by elution of hexane: CH,Cl, (1:2) to give 
yellow oil and the crystallization from hexane—CH ,Cl, 
yielded 4 as pale-yellow crystals (144 mg (83.5%)) 
(m.p., about 168°C (decomposition)). Anal. Found: C, 
56.65; H, 4.16. C,,HOP,RuPt calc.: C, 56.60; H, 
4.22%. IR (KBr): v(C=C) 2122 cm™'. 'H NMR 
(CDCI,): 5 2.19-2.44 (m, 4H, PCH,), 3.64 (s, 3H, 
OCH,), 4.24 (s, SH, Cp-unsub.), 4.33 (t, J = 1.7 Hz, 
2H, Cp-B), 4.59 (t, J = 1.6 Hz, 2H, Cp-a), 6.46 (dd, 
J =9.2 and 1.3 Hz, 2H, C,H,), 7.22-8.01 (m, 22H, 
C,H, + PPh) ppm. °C NMR (coal, ): 8 26.72 (dd, 
J= = 31.8 and 12.2 Hz, PCH, ), 30.43 (d, J = = 35.6 and 
16.7 Hz, PCH,), 54.97 (OCH,), 68.89 (Cp-B), 70.93 
(Cp-unsub.), 73.28 (Cp-a), 75.84 (Cp-ipso), 105.77 
(dd, J = 33.4 and 2.1 Hz, Rc—C=), 109.04 (J = 148.0 
and 15.6 Hz, Pt-C=), 113.01 (C,H,), 128.4—128.7 (m, 
PPh.), 129.60 (d, J = 8.0 Hz, PPh,), 130.6-130.9 (m, 
PPh,), 132.08 (d, J = 45.5 Hz, PPh,), 133.4—133.8 (m, 
PPh, ), 139.14 (t, J = 1.9 Hz, C,H,), 142.57 (dd, J= 
115.3 and 85 Hz, C, H,), 155.66 (s, C,H,) ppm. *P 
NMR (CDCI, ): 38.23 (s, Jp = 1544 Hz, trans to Ar) 
and 43.65 (s, J,» = 2540 Hz, trans to C=CRo). 


3.2.8. Reaction of 5 with iodine. 

A solution of 5 (32.9 mg, 0.04 mmol) in CH,Cl, (2 
ml) and benzene (5 ml) was chilled on an ice bath. To 
the solution was dropwise added a solution of iodine 
(28 mg, 0.04 mmol) in benzene (5 ml). After evapora- 
tion of the solvent, the residue was chromatographed on 
silica gel to give Ptl,(dppe) (25.6 mg (75%)) and 
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Table 4 
Position parameters and U,,, for 3e 





Atom x 





Pr(1) 0.108793) 0.10633(2) 0.17220(2) 
Ru(1) — 0.225747) 0.48192(5) 0.47116(4) 
P(1) 0.06676(18) 0.27028(13) 0.12110(11) 
P(2) 0.16232(18) — 0.05632(13) 0.22673(11) 
O(1) 0.5045(7) —0.1893(5) —0.2513(4) 
0.2951(7) —0.1094(7) —0.2492(4) 
— 0.0015(8) 0.18905) 0.2958(5) 
C(2) —0.0694(8) 0.2414(6) 0.3584(5) 
— 0.16598) 0.3103(6) 0.4433(5) 
—0.1317(11) 0.3271(7) 0.51306) 
— 0.254% 13) 0.3953(8) 0.5826(6) 
— 0.367913) 0.4205(9) 0.5558(8) 
— 0.3084(9) 0.3687(7) 0.4678(7) 
— 0.127611) 0.54768) 0.3582(7) 
—0.0910(15) 0.5624(10) 0.4254(9) 
—0.215(2) 0.62%1) 0.499(1) 
—0.3256(17) 0.6524(8) 0.4694(9) 
—0.2691(12) 0.6000(8) 0.3826(7) 
0.2055(6) 0.0308(5) 0.0478(4) 
0.13117) 0.038%5) —0.0026(5) 
0.1888(8) —0.0114(6) — 0.0864(5) 
0.3245(8) —0.0741(6) — 0.12505) 
0.4043(7) — 0.082% 6) — 0.07745) 
0.3457(7) —0.0312(5) 0.0054(5) 
0.3855(10) —0.129%6) —0.2143(5) 
0.3390(15) — 0.156912) — 0.33838) 
0.3998(14) —0.0984(11) —0.4004(8) 
0.12307) 0.2678(5) 0.0042(4) 
0.03898) 0.3040(6) — 0.0401(5) 
0.0895(10) 0.2886(7) —0.130%5) 
0.2264(9) 0.2358(7) — 0.177% 5) 
0.3116(9) 0.2006(7) —0.1344(5) 
0.2631(8) 0.21716) —0.0448(5) 
0.1437(7) 0.3454(5) 0.1497(5) 
0.1828) 0.323%7) 0.219716) 
0.2450(9) 0.3823(8) 0.2382(7) 
0.2591(9) 0.4635(8) 0.1914(7) 
0.2216(9) 0.4853(7) 0.1211(7) 
0.1628(8) 0.426716) 0.1007(6) 
—0.1145(7) 0.3583(5) 0.1582(4) 
—0.2015(8) 0.3120(6) 0.1821(6) 
— 0.3396(9) 0.3754(7) 0.2041(7) 
—0.3862(9) 0.483%7) 0.2017(6) 
—0.2991(9) 0.5313(7) 0.1790(7) 
—0.162%8) 0.4683(6) 0.1574(6) 
0.0302(7) —0.0826(5) 0.3104(5) 
— 0.0060(9) —0.1618(7) 0.2958(6) 
—0.0997(11) —0.1835(8) 0.3634(7) 
—0.1572(9) —0.1291(8) 0.4454(6) 
—0.1222(9) —0.0500(7) 0.46096) 
—0.0301(8) —0.0262(6) 0.3936(5) 
0.2748(7) —0.0737(5) 0.2822(4) 
0.3067(8) —0.1597(6) 0.3293(5) 
0.3964(9) —0.1766(7) 0.3686(5) 
0.4523(9) —0.1045(9) 0.3618(6) 
0.4183(9) —0.0191(9) 0.3174(6) 
0.3305(8) — 0.0025(6) 0.2763(5) 
0.2525(7) —0.1731(5) 0.1450(4) 
0.38308) — 0.2466(6) 0.1287(5) 
0.4544(9) —0.3275(7) 0.05896) 
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Table 4 (continued) 





Atom y 





C55) 0.3928(10) 
C(S6) 0.2611(8) 
C(S7) 0.19248) 


— 0.33607) 
— 0.2641(6) 
— 0.183716) 


0.0054(6) 
0.02145) 
0.0904(5) 





p-MeOC,H,I (6.1 mg (65%)). Additionally, a trace 
amount of RcC=CC,H,OMe-p and RcC=CC=CRc 
was isolated and confirmed by the 'H NMR spectra. 

Ptl ,(dppe). M.p. greater than 250°C. Anal. Found: 
C, 36.95; H, 2.82. C,,H,,P,1,Pt cale.: C, 36.85; H, 
2.85%. 'H NMR (CDCI,): 6 2.11 (m, 2H, PCH,), 2.30 
(m, 2H, PCH,), 7.50 (m, 12H, Ph), and 7.83 (m, 8H, 
Ph) ppm. °C NMR (CDCI,): 6 29.20 (t, J = 10 Hz, 
PCH, ), 30.20 (t, J = 10 Hz, PCH;), 128.3 (m, Ph), 
131.85 (s, Ph), 133.7 (m, Ph) ppm. ~ P NMR (CDC1,): 
45.88 (J,,_p = 3369 Hz) ppm. 

ReC=CC=CRe. M.p., 207°C (decomposition) 
(230-232°C) [20]. 'H NMR (CDCI,): 5 4.56 (t, J = 1.7 
Hz, 4H, Cp-B), 4.62 (s, 10H, Cp-unsub.), 4.86 (t, 
J =1.7 Hz, 4H, Cp-a) ppm. °C NMR (CDCI,): 6 
67.15 (=C), 70.94 (Cp-B), 72.00 (Cp-unsub.), 74.14 
(Cp-a), 78.11 (=C) ppm. 


3.3. Single-crystal X-ray diffraction of 3e 

Data collection was performed at ambient tempera- 
ture on a Mac Science DIP3000 image processor with 
graphite-monochromated Mo Ka radiation and an 18 
kW rotating-anode generator. A total of 16185 reflec- 
tions were collected using the Weisenberg method in 
the range 2° < 2q < 60° (0<h< 16,—17<k< 19,- 
21 </< 23). Of 11246 unique reflections measured, 
only 9202 for which J > 3a(/) were used in the struc- 
ture analysis. The structure was solved with the 
Dirdif—Patty method in CRYSTAN G (software-package 
for structure determination) and refined finally by the 
full-matrix least-squares procedure. Anisotropic refine- 
ment for non-hydrogen atoms was carried out. All the 
hydrogen atoms, partially located from difference 
Fourier maps, were isotopically refined. R = 0.044 and 
R,, = 0.053. The crystallographic data and the position 
parameters are listed in Tables 2 and 4 respectively. 
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Abstract 


Ring slippage of the indenyl occurs upon dissolution of the complexes [n°-IndM(CO),L,JBF, (M=Mo or W; L = NCMe or 
dimethylformamide) in an excess of L, to give [(1°-Ind)M(CO),L,JBF,. Other ring-slipped complexes synthesized are [(n’- 


Ind)Mo(CO),L,)BF, (L, = HO(pz),, [HB(pz),]~ 


, Me,tacn or {en(NCMe)}). Addition of NCMe or an excess of L failed to give ring 


slippage in [y°-IndMo(CO), L. JBF, (L, = bipy, dppe, (PMe,)., (P(OMe),}, or triphos). NMR and X-ray studies reveal a large folding of 


the ’-indeny! ring. 


The structure complex [(1°-Ind)W(CO).(NCMe), JBF, (5) was determined by X-ray analysis. 


Keywords: Molybdenum; Tungsten; Indenyl complexes; Ring slippage; X-ray structure 





1. Introduction 


The attempt to achieve better control of the reactivity 
of transition-metal organometallic complexes has raised 
the interest in indenyl as a substitute for cyclopentadi- 
enyl. In fact, the higher rates of substitution reactions of 
complexes of indenyl when compared with their cy- 
clopentadienyl congeners has long been recognized un- 
der the name of ‘‘indeny!l effect’’ [1]. The accepted 
interpretation of this kinetic effect rests on the easy 
“‘ring slippage’”’ of the indenyl from 1° to 7° coordina- 
tion. As the electron count at the metal is reduced by 
this ring slippage, associative pathways for substitution 
reactions are favoured. However, under certain condi- 
tions, the intermediate trihapto-complexes may be stable 
enough to be isolated and fully characterized. Hence 
reaction of a two-electron donor L’ with a coordina- 
tively saturated cation [(1°-Ind)M(CO),-L,]* (M = Mo 
(1) or W (2)) may lead either to addition or to substitu- 
tion, as exemplified by Eq. (1). In principle, the out- 
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ocr 


come of the reaction will depend on the stability of the 
trihapto complex which, in turn, will depend on the 
nature and number of the ancilliary ligands L. Substitu- 
tion is the general result and, surprisingly, additions 
accompanied by n° — 7) “‘ring slippage””’ are relatively 
rare in spite of the many known examples of coordina- 
tively saturated complexes with 1°-indeny]l [2]. 

The first thoroughly characterized example was re- 
ported by Merola et al. [3] in 1986: 


It follows the reports on the less expected 4° — 7 ring 
slippages established earlier by Casey and O’Connor [4] 


aa 
~~ ogee nt 


= 
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in which all attempts to intercept the intermediate 1°-in- 
deny! complex were unsuccessful: 


Parer’ 


! 
Rew co 
oc cO 


We have previously observed a facile ring slippage of 
the indenyl ligand in a tungsten complex by H NMR 
spectroscopy as described by [5] 


[ (m°-Ind)W(NCMe),(CO),] BF, 


<*> | (1°-Ind)W(NCMe),(CO),]BF, (4) 
CH,Cl, 
The present study reports the structural characterization 
of [(n°-Ind)W(CO),(NCMe), JBF, as well as describing 
a number of additions to the 18-electron cations [(7°- 
Ind)M(CO),L,]* (M = Mo or W) in order to ascertain 
the conditions most favourable for “‘ring slippage’’. 


2. Results and discussion 


2.1. Chemical studies 


The coordinatively saturated cations used in this 
work, [(°-Ind)M(CO),L,]* (M = Mo (1) or W (2)) 
are prepared as depicted in Scheme 1. The starting 
complexes [(1°-Ind)M(7’-C,H,XCO),] (M=Mo or 
W) [6] are protonated with HBF, - OEt,, in CH,Cl, at 
room temperature, and the resulting red solution treated 
with the desired L to give the products la—1i (M = Mo) 
and 2(M = W) with good isolated yields. This method 
has already been used by Cutler and coworkers [7] to 
prepare some cyclopentadieny! analogues [CpMo(CO),- 
L,]BF, and by us [5,6] to prepare a wide range of 
cyclopentadieny! and indenyl complexes with dienes, of 
general formula [Cp’M(CO),(diene))BF, (Cp’ = Cp, 
MeCp or Ind). The products are listed in Table 1, 
together with some selected 'H NMR data. Compounds 
la, 1f and th are known but have been prepared by a 
different method [8a]. The acetonitrile derivative has 
been described in the literature as a useful promoter of 
diene transformations [8b,9]. 


Lam, OO 
Lo | “co 


L 
1b, f, g, h, i 


Scheme 1. (i) la, 2 in NCMe or Id in dimethylformamide (DMF), at room temperature; (ii) 4a, 4e and 4f in CHCl,; (iii) Me,tacn in CH,C1,; 
(iv) le dissolved in NCMe at 45°C; (v) KHB(pz), in CH ,C1,; (vi) le in NCMe, L, = en; (vii) 1b, 1f, 1g, 1h and 1i with an excess of L or NCMe 


at reflux. 





J.R. Ascenso et al. / Journal of Organometallic Chemistry 508 (1996) 169-181 


Table 1 
List of [(7°-Ind)M(CO), L, JBF, compounds prepared and selected 'H NMR 


Ligand L, 





Compound 7 -indeny! resonances (room temperature), 5 (ppm) 


H°*/5 HoH’? 








(NCMe), 7.60-—7.54 m 6.07 d 
bipy 6.95 m; 6.66 m 6.47 d 
tpm - - 
(DMF), 7.47 m; 7.39 m 6.15 d 
en 7.84 m; 7.51 m 6.23 d 
(P(OMe),), 7.59 m; 7.30 m 6.07 d 
(PMe,), 7.66 m; 7.28 m 5.85 d 
dppe 7.08 m; 6.01 m 5.59d 
triphos 7.06 m; 6.58 m 5.36 d 


(NCMe), 7.525 6.16 d 


pz = pyrazolyl, tpm = trispyrazolylmethane, dppe = 1,2-bis-(diphenylphosphino)ethane. 
en = ethylenediamine; DMF = N, N-dimethylformamide, triphos = 1,1,1-tris(diphenylphosphinomethy)ethane 
The numbering scheme is as follows: 





The characterization of most complexes in Table | is 
straightforward. The presence of a cis-M(CO), unit is 
clear from the observed IR data which show, in all 


cases, two bands in the v(CO) region. These values are, 
of course, dependent on the nature of L, they are higher 
for P(OMe), and dppe but relatively invariant for all the 
other ligands. 

All the 'H NMR spectra show a similar pattern for 
the resonances of the n°-indenyl, two sets of signals for 
the C, ring protons (H*~*) at 6 ~ 7.70 and 7.30 ppm, a 


doublet at 5~ 6.0 ppm (H'/*) and a triplet between 
5=5.00 and 5.60 ppm (H*) (see Table 1 for the 
numbering scheme). The exceptions are the H*~* reso- 
nances of the bipy, dppe and triphos complexes which 
are shifted to higher field by about 0.5 ppm. This 
pattern and chemical shift values are observed, for 
example, in the mixed-ring metallocene derivatives 
[(n°-indX n°-Cp)ML,}"* [5,6]. The bidentate coordina- 
tion of tris(pyrazolyl)methane in le can only be as- 
sumed on the basis of several analogies. In fact, unlike 


Table 2 
Selected 'H and ‘°C NMR data of [(1°-Ind)M(CO), L,)BF, and some related complexes 


Ligand L, *H and °C 13-indenyl resonances, 5 (ppm) * 
H? H>/* 





Compound 








(NCMe,) ° 7.20 6.47-6.37 m 
6.90 t 6.70 m; 6.55 m 
6.63 t 6.68 m; 6.50 m 
6.941 6.60 m; 6.47 m 
' 6.991 6.47 m; 6.39 m 
(enXNCMe) 7.07 t 6.48 m; 6.41 m 
1-Cp * 6.75 6.67 m; 6.43 m 


Seer eee 


(NCMe), 6.46 t 6.55-6.42 m 
n-Cp* 7.07 t 6.66-6.47 m 
7 -Ind ‘ 3.4 6.6 m 


* All spectra in CD,CN at room temperature except otherwise indicated: see Table 1 for numbering. 
* In CD,CN at — 45°C. 
* In DMF. 
* Ref. [6]. 
. [5]. 
[12]; tpb = hydrotrispyrazolylborato; Me,tacn = 1,4,7-N,N’ ,N”-trimethyltriazacyclononane. 
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all the other [(n°-Ind)M(CO),L,]BF, cations reported plexes, such as la, Ib and 1g, as expected on bidentate 
here, le precipitates instantaneously from the reaction coordination of HC(pz), (cf. 4b below). Furthermore, 
mixture and its insolubility precludes NMR studies. The this spectrum is very similar to that of [CpMo{7n’- 
IR spectrum has two CO stretching vibrations at values HC(pz),}(CO), JBF, (3) which is readily prepared from 
rather similar to those of other similar y°-indenyl com- [CpMo(n’-C,H,CO),] after protonation and reaction 






































J 











m 4 — ——EEE7E~S 
70 65 60 55 50 45 40 35 30 25 20 1S 


Fig. 1. ‘H NMR spectra (300 MHz) showing 5 (ppm) of the complexes (S = solvent) (a) [IndW(CO),(NCMe),]BF, in NCMe (room 
temperature), (b) [IndMo(CO),(NCMe),|BF, in CD,Cl,, (c) [IndMo(CO),(NCMe),)BF, in NCMe (room temperature) and (d) 
[IndMo(CO),(NCMe), JBF, in NCMe (40°C). 
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with HC(pz),. Consistent with a bidentate coordination 
of HC(pz),, the 'H NMR spectrum of 3 has two sets of 
pyrazolyl signals with relative intensities of 2.1, one of 
which appears at higher field and corresponds to the 
dangling pyrozoly! [10]. The insolubility of le is paral- 
leled in other HC(pz), complexes, such as [Mo- 
{HC(pz),((CO),} [11] and has been attributed to 
oligomerization or polymerization by means of M—pz— 
C—pz-M bridges. A similar situation is observed in li 
where the triphos is bidentate with a dangling arm, as 
shown by 'H NMR spectroscopy. 

When la or 2 are dissolved in NCMe, the colour 
darkens markedly. Addition of ether to the resulting 
solutions allows the isolation of crystalline [( 7- 
Ind)M(CO).,(NCMe), JBF, (M = Mo (purple) (4a) or W 
(ruby-red) (5)). This change is faster when the solutions 
are at about 40°C. At room temperature, the 'H NMR 
spectrum of 4a, in NCMe-d,, shows rather broad peaks, 
Suggesting extensive dynamic structural interconver- 
sions (Fig. 1(c)). Upon cooling to —40°C the spectrum 
of 4a becomes well resolved and sharp resonances are 


Table 3 


observed (Fig. 1(d)). Such a dynamic behaviour is 
absent in the spectrum of la in CD,Cl,, which is sharp 
at room temperature (Fig. 1(b)). In fact, the 'H NMR 
spectrum of 4a in CD,Cl, (Fig. 1(b)) corresponds to the 
spectrum of la and 1 equivalent of free NCMe. 

The pattern of the resonances for both 4a at — 40°C 
and § at room temperature, is best interpreted on the 
basis of the trihapto coordination of the indenyl. With 
regard to the Mo complexes, an upfield shift (about 1.1 
ppm) of the benzenoid protons (H*~*) and a remarkable 
downfield shift (about 2.2 ppm) of the meso-pseudoal- 
lylic H? signal are the most significant differences 
between la and 4a (Table 2). 

Similar but slightly smaller variations in chemical 
shifts are observed for the pair of analogous W com- 
plexes 2 and 5. These values are within the range of 
those measured in the trihapto-indenyl complexes [(’- 
Ind)CpM(CO),] (M = Mo or W) [5,6] (see also Table 
2) and these reported for [(1°-Ind)Ir(PMe,),}: 5= 
7.0%H7), 6.55 (H*-*) ppm [3]. In contrast with this 
pattern, the value of the chemical shift of H? observed 


Selected bond distances (pm) and angles (°) for [1°-IndW(CO),(NCMe), JBF, (5), where Cm(1) denotes the centre of gravity in ©(6), O(7) and 
C(7)a, and Cm(2) denotes the centre of gravity in C(16), C(17) and C(17)a 





Molecule A 


Molecule B 





Bond distances 

W(1)-N(1) 215.37) 
W(1)—N(2) 

Ww(i)-C(1) 

W(1)-C(6) 

W(1)-C(7) 

W(1)—Cm(1) 

01)-C(1) 

N(1)—C(2) 

N(2)-C(4) 

C(2)-C(3) 

C(4)-C(5) 

C(6)-—C(7) 

(7)-C{8) 

C(8)—C(9) 

C(8)—C{8)a 

C(9)—C(10) 

C(10)-CU10)a 135.910) 


Bond angles 

N(1)—-W(1)—N(Q) 80.6(2) 
N(1)-W(1)-C() 

N(2)—W(1)-C(U1) 

N(2)—W(1)—N(2)a 

N(2)—W(1)-C(1)a 

CU)-W(1)-CUDa 

N(1)—W(1)—Cm(1) 

N(2)—W(1)—Cm(1) 

CO1)-W(1)-Cm(1) . 
W(1)—-N(1)—C(2) 176.76) 
W(1)—-N(Q2)-C(4) 176.1(5) 
W(1)-C(1)-O(1) 176.0(5) 
N(1)—C(2)-C(3) 179.5(9) 
N(2)—C(4)-C(5) 178.8(7) 


W(2)-N(G3) 
W(2)-N(4) 
Ww(2)-CUD) 
Ww(2)-C(16) 
Ww(2)-C(17) 
W(2)—Cm(2) 
O(2)-CU11) 
N(3)—C(12) 
N(4)—C(14) 
©(12)-C013) 
0(14)-C(015) 
C(16)-C(17) 
C(17)-C(18) 
0(118)-C(119) 
C(18)—-C(18)a 
C(19)-C(20) 
C(20)-C(20)a 


N(3)—W(2)-N(4) 
N(3)—W(2)-C(11) 
N(4)—W(2)-C(111) 
N(4)—W(2)-N(4)a 
N(4)—W(2)—C(U1 1a 
0(11)-W(2)-CU Da 
N(3)—W(2)—Cm(2) 
N(4)—W(2)—Cm(2) 
C(11)-W(2)—Cm(2) 
W(2)—N(G3)-C(12) 
W(2)-N(4)-C(014) 
Ww(2)-C(1 1-02) 
N(3)—C(12)-0113) 
N(4)—C(14)—C015) 


215.8(7) 
219.05) 
197.1(5) 
218.(8) 
236.6) 
207.7 
115.007) 
111.7010) 
112.210) 
144.1015) 
146.6(15) 
141.48) 
148.1(7) 
138.07) 
141.67) 
140.69) 
137.2(10) 


80.8(2) 
90.3(2) 
96.8(2) 
83.4(2) 
170.%2) 
81.6(2) 
173.3 
94.2 
94.8 
176.S(6) 
178.2(6) 
177.25) 
180.0(6) 
178.69) 
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in [(7°-Ind)M(7>-IndXCO),] is abnormally low (Table 
2). This exceptional situation is most certainly due to 
the influence of the ring current of the benzenoid ring of 
the ancilliary indenyl. 

The values of the v(CO) stretching vibrations change 
little in each of the transformations la — 4a 
v(COXKBr), 1959, 1871 + 1964, 1869 cm™'; »(CO) 
(Nujol), 1979, 1888 — 1962, 1890 cm™' and 2-5 
(v(COXKBr), 1955, 1879 — 1948, 1874 cm~'; v(CO) 
(Nujol), 1954, 1879 — 1952, 1881 cm~'). 

Further confirmation of the trihapto coordination of 
the indenyl ring in 4a and 5 stems from the large 
downfield shift (deshielding) of the ring junction C* 
and C® carbon atoms in the °C NMR spectra (see 
Table 2). These types of values also indicate that the 
7-indenyl in 4a and 5 is associated with a marked 
slip-fold distortion. Values of 5 = 120 ppm for these 
quaternary carbon atoms correspond to a typical 1°-in- 
denyl with a fold angle (2; see [13] for definition) 
close to 0°, i.e. planar. An appreciable degree of bend- 
ing, 2 = 8.5°, has already been found for 6 = 127 ppm 
[14b]. Strongly bent rings have C* and C° resonances at 
higher 6 values as exemplified for [(4°-Ind)Ir(PMe,), ] 
(Q = 28°; = 156.7 ppm; C*—C’) [3] and [CpMo(n’- 
IndXCO),] (2 = 26°; = 151.1 ppm; C*—-C*) [6a]. In 
the present case, the values of 5 = 146.73 and 149.23 
ppm for 4a and 5 imply a large (2, about 20°. A crystal 
structure determination of 5 confirms these assignments. 
The crystals of 5 are built up of discrete monomeric 
ions. Two crystallographically independent cations and 
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anions are located on a mirror plane. The BF; anions 
are disordered on two equivalently occupied positions. 
Both cations (molecule A and molecule B) are identical 
in their three-dimensional assemblies within standards 
limits. Therefore only A will be discussed. In 5A the 
molecular structure is best described as a slightly dis- 
torted octahedron around the tungsten atom with two 
acetonitrile ligands together with two carbonyl groups 
in the equatorial plane. The two remaining apices are 
occupied by an additional acetonitrile molecule and the 
indenyl group. A view of the molecule is shown in Fig. 
2 with the appropriate numbering scheme. Relevant 
bond angles and distances are given in Table 3. 

The metal atom W(1) and one acetonitrile group 
N(1), C(2), C(3) are located on the mirror plane which 
bisects the indenyl through C(6). As expected from the 
NMR measurements, the indenyl is clearly 1° coordi- 
nated. Using the slip parameters of Faller et al. [13], the 
W(1) atom has slipped a distance | S| = 130.7 pm 
(B| S| = 127.7 pm) (!) away from the centroid of the 
five-membered ring. A key feature is the folding of the 
uncomplexed ‘‘ene fragment’’ (C(8), C(8)a in Fig. 2) 
(these atoms are numbered C* and C’ in the NMR 
discussion above) of the benzonoid part of the indenyl 
ligand. The observed fold angle 22 is 24.1° (B, N= 
27.4°). Table 4 compares all the slip parameters of 5 
with those of other related and fully characterized n°—1° 
indenyl complexes. 

To the best of our knowledge, 5 is the first hexacoor- 
dinated tungsten complex with an indeny! at the apical 


Slip parameters (defined in [13,15]) for [4°-IndW(CO),(NCMe), JBF, (5) and related compounds 





A=|S| o 
(pm) (°) 


Compound 


v 
(°) 


4(M-C) 
(pm) 


References 





[IndW(CO),(NCMe), ]* 
7 -ind A 
7-ind B 


130.7 
127.7 


0.0 
0.0 


[Ind,V(CO), }* 
7 -ind 1 
n-ind 2 


19.2 
19.7 


27.9 
17.7 


[Ind ,V(CO), ] 
7 -ind 
7-ind 


15.7 
79.8 


0.0 
1.5 


[Cp,W(CO),] 
0 -Cp 
w-Cp 


[IndCpMo(NCME)}°* 
n-Cp 
1 -Ind 


This work 
93.5 
91.3 


13 
15 


13 
56 





* Value may be incorrect. 
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Fig. 2. Molecular structure of the cation 5 showing 50% probability 
ellipsoids and the atom-labelling scheme. Hydrogen atoms are omit- 
ted for clarity. A crystallographic mirror plane passes through C(3), 
C(2), NG), WC) and C(6). The operator for generating equivalent 
atoms is (— x, y, z). 


position, and up to now only three other similar tung- 
sten y-allyl complexes have been structurally character- 
ized: [(°-C,H,CF,COOKCO),W(MeOCH ,CH,- 
OMe)] [19] [(n°-C,H,)BrCO),W{(C,H,,N=CH- 
CH=N C,H,,-N,N’)] [20] and [N(Et),] [W-4(C,H,)- 


Cl,(CO),WP(C,H,),] [21]. All interatomic distances 
and angles are within the expected values for a hexaco- 
ordinated tungsten atom and fit those published in [19- 
21]. The conformation relative to the carbonyls of the 
indenyl in 5 is the same as observed in these 1-allyl 
complexes and schematically represented in a; the open 
side of the coordinated allyl (or pseudo allylic) atoms is 
oriented towards the quadrant defined by the carbonyls. 
In other words, the directions defined between the 
central and terminal allylic (or pseudo allylic) carbons 
are projected over the M—CO directions in an eclipsed 
fashion. This conformation seems to be rather general 
for [L,M(CO),(°-ally)]"* species (M=Mo or W) 
and is also observed in the crystal structure of [Mo(1’- 
C,H,XCO),(CH,CNXbipy)]*. Molecular orbital (MO) 
calculations on this complex a at the extended Hiickel 
level show it to be preferred over the rotated conformer 
[22]. Conformation b is present in the isoelectronic 


[CpMo( m?-IndXCO), }. 
4... = 
“|sco | 


As exemplified by the spectrum in Fig. 1(b) and later 
by product isolation, redissolution of 4a and 5 in CH ,Cl, 
results in the expulsion of one coordinated NCMe and 
the inverse haptotropic shift, to form la and 2 respec- 
tively Eq. (4) [5]. 

These mild reaction conditions show that ring slip- 
page between la and 4a as well as between 2a and 5 is 
very facile and prompted a study of similar reactions 
with other donors, which are also summarized in Scheme 
1. Dissolution and recrystallization of the DMF com- 
plex [(»°-Ind)Mo(CO),(DMF), BF, (1d) from DMF 
gives the ring-slipped adduct [(7’-Ind)Mo(CO),- 
(DMF), BF, (4e). In contrast with the structural flexibil- 
ity of da at room temperature, the 'H NMR spectrum of 
4e, in DMF-d,, is well resolved and compatible with 
the presence of a structurally rigid species 4e with a 
well-defined 1°-Ind (H? at 5= 6.99 ppm). This spec- 
trum remains invariant at low temperatures showing that 
DMF is less labile than the NCMe in this systems. The 
low field chemical shifts of the C*—C° junction atoms 
in the °C NMR spectrum suggests a high degree of 
folding. An intermediate behaviour is found for the 
ethylenediamine complex le. At room temperature its 

'H NMR spectrum, NCMe-d,, looks like that of 4a, 
revealing dynamic interconversions. However, at 
— 45°C, two species still remain clearly identifiable: le, 
characterized by its H* at 5=5.18 ppm, and a 
trihapto-indenyl complex, [(°-Ind)Mo(CO),(en)- 
(NCMe)]BF, (4f), characterized by H? at 5 = 7.07 ppm. 
Under these circunstances, it is not surprising that Ic 
readily rearranges, in warm acetonitrile, to give the 
ring-slipped complex [(9*-Ind)Mo(CO),{n’- 
HC(pz),}]BF, (4b) in which the tpm becomes tridentate. 
The complex is now freely soluble in CH,Cl, and the 
'H NMR and °C NMR spectra are consistent ‘with this 
structural rearrangement. The meso H®* of the indenyl 
appears at low field (5=6.90 ppm), and the C*—C* 
resonances at 5 = 147.80 ppm indicate a clearly folded 
7 -indenyl. The two v(CO) bands appear now at 1946 
and 1867 cm~' (Nujol mull) instead of 1958 and 1883 
cm~' (KBr pellet). This set of data is similar to that 
observed for the neutral hydrotrispyrazolylborate ana- 
logue [(»°-Ind)Mo(CO),{7’-HB(pz),}] (4c) obtained 
from the reaction of la with K[HB(pz),]. Likewise, 
reaction of la with the triaza-macrocycle Me,tacn 
(Me,tacn = 1,4,7-N,N’,N"-trimethyltriazacyclononane) 
gives the ring-slipped complex [(n’-Ind)Mo(CO),{1’- 
Me,tacn}] (4d). In both cases, no signs of an intermedi- 
ate such as [(n°-Ind)Mo(CO).{7?-HB(pz),}] were de- 
tected although we believe that the transformations of 
lc into 4b as well as the formation of 4c and 4d 
proceed by stepwise 1° — 1° haptotropic shifts from 
initially formed complexes [(4°-Ind)M(CO),L,]* where 
the nitrogen ligands are bidentate (L,= CH(pz),, 
[HB(pz),]~ or Me,tacn). 
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Table 5 
Three examples of 4° — 7° ring slippages in indenyl complexes 





7n-Ind — 1°-Ind ring slippage reactions 


Reference 





[( 4° -Ind)Ir(COD)] + PMe, (exc) — [(n°-Ind)ir(PMe,), ] 
[(m°-Ind)Fe(CO), }~ + CO (1 atm) — [(n-Ind)Fe(CO), }~ 
[(m°-Ind),V] + CO (1 atm) — [(9°-IndX 9° -Ind)V(CO), ] 


(3) 
[23] 
[17] 





Formally, 4b—4d are analogues of [Cp’Mo(n’- 
indXCO),] (Cp’ = Cp or Ind) reported elsewhere [5,6]. 
Complex 4d is only accessible from the bis(acetonitrile) 
complex la and not directly from species [(7°- 
Ind)Mo(CO),(1?-C,H,)FBF,] as noted in Scheme 1. 
Nitrogen bases such as Me,tacn, NEt, or even aniline 
deprotonate the propene, as shown [22] by 


[ (n°-Ind)Mo( 1-C3H, )(CO).| 


— [(m°-Ind)Mo(?-C,H,)(CO),FBF;,] (5) 
Having gathered all this evidence about ring-slippage 
reactions in [(7°-Ind)M(CO),L,]*, we assumed that 
many other trihapto-indenyl complexes of general for- 
mula [(7°-Ind)M(CO),L,L’]* could be obtained by 
addition of L or L’ to the bipyridyl, phosphine or 
phosphite complexes Ib, 1f—1li according to 


[(n°-Ind)M(CO),L,] * +L’ 
—— [(1?-Ind)M(CO),L,L'] ” (6) 


Very much to our surprise, none of the reactions tried 
led to the expected addition or ring-slippage processes. 
In fact, the bipy, dppe and triphos derivatives, Ib, ih 
and li, remain unchanged after 12 h in refluxing NCMe. 
Preparative as well as in-situ 'H NMR experiments 
showed that the P(OMe), and PMe, derivatives, If and 
lg, also remain unchanged after prolonged reaction 
times (NCMe or CH,Cl,) in the presence of large 
excesses of P(OMe), and PMe, respectively. 

To the best of our knowledge, only three other 
examples of clear-cut 4° > 7° ring slippages in indenyl 
complexes, promoted by donor addition, have been 
reported, as summarized in Table 5. 

In the case of Ir-d,, PMe, or PMe,Ph is necessary 
for the ring slippage to take place and CO is ineffective. 
In contrast, the very electron-rich iron and vanadium 
complexes undergo this slippage in the presence of CO 
at 1 atm. In the case of the three-legged piano-stool d, 
complex [IndRe(CO),], 4° ring slippage is ob- 
served in the presence of PMe, and PBu,, at room 
temperature, or with bipy at 54°C, but the kinetically 
required 1° intermediate could not be detected chemi- 
cally or spectroscopically (Eq. (3) [4)). 

In view of these results and given the facility of 
many of the above-reported ring slippages, it is rather 
unexpected that the weakly coordinating labile NCMe is 


capable of inducing an n° ~ n° haptotropic rearrange- 
ment, la — 4a, whereas the strong donor PMe, is not. 
As shown by Merola et al. [3] and Casey and O’Connor 
[4], bulky donors do not favour ring slippages which are 
otherwise facile with PMe,. However, in our reactions, 
no important steric problems hindering ligand addition 
to any of the complexes Ib, 1f—ih are apparent. For 
instance, one would expect ready addition of NCMe to 
derivative [(7°-Ind)M(CO),bipy]* (1b), where there are 
two N-donor ligands and bipy does not create steric 
problems if coordinated to the equatorial plane of the 
putative final octahedral product, [Mo(1°-IndXCO),- 
(NCMeXbipy)]BF,. In fact, a crystal structure of 
[Mo(n’?-C,H,XCO),-(NCMeXbipy)]BF, has the fac- 
{(NCMe)bipy} ligand arrangement and does not reveal 
any important intramolecular steric strain [24]. Clearly, 
ligands such as CH(pz),, [HB(pz),]~ and Me,tacn all 
possess a much larger steric bulk than the combined 
fac-{(NCMe)bipy} ligand arrangement. Nevertheless, 
they are capable of inducing or stabilizing indenyl 
slippage in the present system, whereas the fac- 
{(NCMe)bipy} ligand arrangement is not. 

One may argue that ring slippage promoted by 
CH(pz),, [HB(pz),]~” or Me,tacn is favoured by the 
coordination geometry and the chelate effect of the 
tridentate ligands which overcome electronic barriers 
present in the fac-((NCMe)bipy} ligand set. However, 
the reasons for the facile addition of NCMe or DMF to 
both la and 2 must be almost entirely electronic as 
steric problems are obviously absent. The identification 
of these ‘‘electronic’’ factors or conditions should be 
important for understanding the reactivity enhancement 
of indenyl complexes and the ‘‘indeny! effect’’ and an 
independent MO study of these and related problems is 
under way. 


3. Conclusions 


Stable octahedral complexes of molybdenum and 
tungsten bearing the trihapto-indenyl ligand, [(1’- 
Ind)M(CO),L,L']*, are easily accessible from four- 
legged piano-stool precursors, [(1°-Ind)M(CO),L,]*, 
by addition of L’. This*otherwise rare addition or ring- 
slippage reaction is facile for a series of N-donor 
(L,L’ =(NCMe),, CH(pz),, [HB(pz),)” or Me,tacn) 
and DMF but is not observed for the corresponding 
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complexes with L, = bipy, (PMe,),, (P(OMe),),, dppe 
or triphos. The reasons for this unexpected behaviour 
seem to be essentially electronic in character and prompt 
theoretical and experimental studies with other ligands 
(N, P, S and O). 


4. Experimental details 


All preparations and manipulations were done with 
standard Schlenk techniques under argon. Solvents were 
dried by standard procedures (tetrahydrofuran and Et,O 
over Na—benzophenone ketyl; CH,Cl,, NCMe and 
NCEt over CaH.,) distilled under argon and kept over 4 
A molecular sieves (3 A for NCMe). 

Microanalyses were performed at the Instituto de 
Tecnologia Quimica e Biolégica. NMR spectra were 
measured on a Bruker CXP 300, 'H and “’C chemical 
shifts are reported on the scale relative to SiMe, (5 = 0.0 
ppm) and the *'p spectra are given relative to TMP— 
solvent [25]. IR spectra were obtained using a Unicam 
Mattson Model 7000 Fourier transform spectrometer. 
[IndMo(NCMe),(CO), JBF, (1a) [6a] and [IndW(NC- 
Me).(CO), JBF, (2) [5] were prepared as published. 


4.1. Preparation of [IndMobipy(CO), ]BF, (1b) 


A solution of [IndMo(7’-C,H, CO), ] (0.22 g, 0.71 
mmol) in CHCl, (15 ml) was treated with HBF, - Et,O 
(1 equivalent). After 10 min 2,2’-bipyridyl was added 
(0.13 g, 0.85 mmol) and the mixture left for 1 h. After 
concentration to about 5 ml and addition of ether, a 
pink—red complex precipitated. The mixture was fil- 
tered and the residue recrystallized from CH ,Cl,—Et,O 
(yield, 98%). Anal. Found: C, 49.38; H, 3.05; N, 5.42. 
for C,,H,;BF,MoN,O, Calc.: C, 49.45; H, 2.96; N, 
5.46%. Selected IR (KBr): v(CO) 1975, 1958, 1901, 
1874 vs cm~' 'H NMR (NCMe-d,, 300MHz): 5 9.36 
(d, 2H, bipy); 8.30 (d, 2H, bipy); 8.07 (t, 2H, bipy); 
7.57 (t, 2H, bipy); 6.95 (m, 2H, H*~*); 6.66 (m, 2H, 
H*~*); 6.47 (d, 2H, H'/*); 5.47 (t, 1H, H*) ppm. 


4.2. Preparation of [IndMo(n?-tpm)(CO),] BF, (1c) 


A solution of [IndMo(NCMe),(CO), JBF, (0.32 g, 
0.73 mmol) in CH,Cl, (20 ml) was treated with 
trispyrazolylmethane (0.16 g, 0.75 mmol) for 30 min. 
The pale-pink powder was filtered off and washed with 
ether (yield, 90%). Anal. Found: C, 44.53; H, 2.96; N, 
14.62. C,,H,,BF,MoN,O, Calc.: C, 44.39; H, 2.99; N, 
14.78%. Selected IR (KBr): v(CO) 1958, 1883 vs cm™'. 


4.3. Preparation of [IndMo(DMF),(CO),] BF, (1d) 


A solution of [IndMo(n’-C ,H,XCO),] (0.10 g, 0.32 
mmol) in CH ,Cl, (20 ml) was treated with HBF, - Et,O 


(1 equivalent). After 10 min an excess of DMF (2 ml) 
was added and the mixture left for 1 h. The solvent was 
evaporated and the residue recrystallized from CH ,Cl,— 
Et,O (yield, 88%). Selected IR (Nujol): v(CO) 1962, 
1865 vs, (C=O) 1657 vs cm™'. 'H NMR (CH,Cl,-d, 
300 MHz): 5 8.04 (s, CH); 7.47 (m, 2H, H*-*), 7.39 
(m, 2H, H*~*); 6.15 (d, 2H, H'’*); 4.98 (t, 1H, H?); 
3.01 (s, 6H, CH,); 2.72 (s, 6H, CH,) ppm. 


4.4. Preparation of [IndMo(en)(CO), ] BF, (le) 


A solution of [IndMo(7°-C,H,CO),] (0.20 g, 0.65 
mmol) in CHCl, (20 ml) was treated with HBF, - Et,O 
(1 equivalent). After 10 min, an excess of H,NCH,- 
CH,NH, was added and the reaction left for 1 h. After 
concentration to about 5 ml and addition of ether, the 
orange precipitate was filtered off and washed with 
ether (yield, 92%). Anal. Found: C, 37.58; H, 3.59; N, 
6.51. C,,H,;BF,MoO,N, Calc.: C, 37.71; H, 3.65 N, 
6.77%. Selected IR. (KBr), v(CO) 1969, 1854 vs cm™'. 
'H NMR (Me,CO-d,, 300 MHz): 6 7.84 (m, 2H, 
H*-*); 7.51 (m, 2H, H*~*); 6.23 (d, 2H, H’’*); 5.18 (t, 
1H, H’); 5.41 (br, 2H, NH); 3.08 (br, 2H, NH.,); 2.33 
(m, 2H, CH,); 1.69 (m, 2H, CH.) ppm. 


4.5. Preparation of [IndMo{P(OMe),},(CO),]BF, (1p 


A solution of [IndMo(n’-C,H,CO),] (0.20 g, 0.65 
mmol) in CHCl, (15 ml) was treated with HBF, - Et,O 
(1 equivalent). After 10 min, P(OMe), was added (0.15 
ml, 1.3 mmol) and the mixture left for 1 h. After 
concentration to about 8 ml and addition of ether, a 
microcrystalline yellow precipitate was filtered off and 
washed with ether (yield, 95%). Anal. Found: C, 34.07; 
H, 4.18. C,,H,,BF, MoO, P, Calc.: C, 33.91; H, 4.19%. 
Selected IR (KBr): v(CO) 1991, 1906 vscm™'. 'H 
NMR (NCMe-d,, 300 MHz): 5 7.59 (m, 2H, H*~*); 
7.30 (m, 2H, H*~*); 6.07 (d, 2H, H'/*); 5.60 (t, 1H, 
H?); 3.75 (d, 18H, Jp, = 11.2 Hz, OCH,) ppm. *P 
(NCMe-d,, 121.49 MHz, 25°C): 6 —58.93 (br, 
P(OMe),) ppm. 


4.6. Preparation of [IndMo(PMe ,),(CO),] BF, (1g) 


A solution of [IndMo(y’-C,H,CO),] (0.20 g, 0.65 
mmol) in CHCl, (15 ml) was treated with HBF, - Et,O 
(1 equivalent). After 10 min, PMe, was added (0.13 ml, 
1.3 mmol) and the mixture left for 1 h. After concentra- 
tion to about 8 ml and addition of ether, a microcrys- 
talline pale-yellow precipitate was filtered off and 
washed with ether (yield, 95%). Anal. Found: C, 40.13; 
H, 5.00, C,,H,,BF,MoO,P, Calc.: C, 40.35; H, 4.98%. 
Selected IR (KBr): v(CO) 1958, 1877 vscm™'. 'H 
NMR (NCMe-d,, 300 MHz): 8 7.66 (m, 2H, H**); 
7.28 (m, 2H, H°~*); 5.85 (d, 2H, H'/*); 5.54 (t, 1H, 
H?); 1.66 (d, 18H, J», =8.7 Hz, CH,) ppm. “P 





178 J.R. Ascenso et al. / Journal of Organometallic Chemistry 508 (1996) 169-181 


(NCMe-d,, 121.49 MHz, 25°C): & 13.10 (s, PMe,) 


4.7. Preparation of [IndMo(dppe)(CO),]BF, (1h) 


A solution of [IndMo(n’-C,H,CO),] (0.20 g, 0.65 
mmol) in CHCl, (15 ml) was treated with HBF, - Et,0 
(1 equivalent). After 10 min, 1,2 bis(diphenylphos- 
phino)ethane was added (0.30 g, 0.75 mmol) and the 
reaction mixture left for 1 h. After concentration to half 
the initial volume and addition of ether, the yellow 
precipitate was filtered off and washed with ether. It 
was then recrystallized from CH,Cl,—Et,O (yield, 
94%). Anal. Found: C, 59.00; H, 4.00. C,,H,, BF,Mo- 
O,P, Calc.: C, 59.07; H, 4.15%. Selected IR (KBr): 
v(CO) 1973, 1904 vs em~'. 'H NMR (NCMe-d,, 300 
MHz): 6 7.66—7.32 (m, 20H, Ph); 7.08 (m, 2H, H*~*); 
6.01 (m, 2H, H*~*); 5.59 (d, 2H, H'”*); 5.28 (t, 1H, 
H?); 2.64 (br, 4H, CH,) ppm. **P NMR (NCMe-d,, 
121.49 MHz, 25°C): 5 35.86 (br, dppe); 15.08 (br, 
dppe) ppm. 


4.8. Preparation of [IndMo(triphos)(CO), ] BF, (1i) 


A solution of [IndMo(7’-C,H,CO),] (0.20 g, 0.65 
mmol) in CHCl, (15 ml) was treated with HBF,—Et,O 
(1 equivalent). After 10 min, triphos was added (0.40 g, 
0.65 mmol) and the reaction mixture left for 2 h. After 
concentration to half the initial volume and addition of 
ether, the yellow precipitate was filtered off and washed 
with ether (yield, 94%). Selected IR (KBr): v(CO) 
1965, 1909 vs cm™'. 'H NMR (Me,CO-d,, 300 MHz): 
5 7.85-7.10 (m, 30H, Ph); 7.06 (m, 2H, H*~*); 6.58 
(m, 2H, H*~*); 5.71 (t, 1H, H*); 5.36 (d, 2H, H'/*); 
2.77 (m, 4H, CH,); 2.55 (m, 2H, CH,); 1.16 (m, 3H, 
CH,) ppm. 


4.9. Preparation of [CpMo{n?-HC(pz),}(CO),] BF, (3) 


A solution of [CpMo(7’-C,H,CO),] (0.25 g, 0.97 
mmol) in CH ,Cl, (20 ml) was treated with HBF,—Et,O 
(1 equivalent). After 10 min a slight excess of trispyra- 
zolylmethane (0.21 g, 1.0 mmol) was added and stirring 
continued for 1 h. The reaction mixture was then con- 
centrated and Et,O added to precipitate an orange prod- 
uct which was further recrystallized from CH ,Cl,—Et,O0 
(yield, 92%). Anal. Found: C, 39.25; H, 2.81; N, 16.26. 
C,,H,,BF,MoN,O, Calc.: C, 39.41; H, 2.92; N, 
16.22%. Selected IR (KBr): v(CO) 1983, 1912 vs cm™'. 
'H NMR (NCMe-d,, 300 MHz, room temperature): 5 
8.51 (s, 1H, CH), 8.47 (dd, 2H, H*), 8.04 (dt, 2H, H*), 
7.50 (d, 1H, H®*), 6.77 (dd, 2H, H*), 6.60 (d, 1H, H*), 
6.36 (dd, 1H, H*), 5.80 (s, SH, Cp) ppm. °C NMR 
(NCMe-d,, 75 MHz, room temperature); 5 253.29, CO; 
154.62, 2C*; 142.71, C*; 141.10, 2C*; 129.59, C°; 
110.87, 2C*; 108.89, C*; 99.32, Cp; 80.50, CH ppm. 


4.10. Preparation of [IndMo(NCMe),(CO),]BF, (4a) 


A solution of [IndMo(NCMe),(CO), BF, (0.22 g, 
0.50 mmol) in NCMe (20 ml) was warmed to 45°C for 
30 min. The resulting dark-red solution was concen- 
trated and addition of Et,O gave the crystalline product, 
which was further recrystallized from NCMe-—Et,O 
(yield, 98%). Anal. Found: C, 42.75; H, 3.30; N, 8.75. 
C,,H,,BF,MoN,O, Calc.: C, 42.80; H, 3.38; N, 8.81%. 
Selected IR (Nujol): v(N=C) 2317, 2287 w; v(CO) 
1962, 1890 vs cm~'. Selected IR (KBr): v(CO) 1964, 
1869 vs cm~'. 'H NMR (NCMe-d,, 300 MHz, — 40°C): 
5 7.20 (t, 1H, H*), 6.47-6.37 (m, 4H, H*~*), 5.10 (d, 
2H, H'/*), 1.95 (s, 9H, CH,) ppm. °C NMR (NCMe- 
d,, 75 MHz, —40°C): & 221.50, CO; 146.73, C*/’; 
125.03, C*/*; 118.20, C®°/’; 118.16 (s, NCCD, and 
NCMe); 98.72, C?; 75.40, C'/?, 1.81-0.19 (m, NCCD, 
and NCMe) ppm. 


4.11. Preparation of [(n*-Ind)Mo{n?-HC(pz),}(CO),]- 
BF, (4b) 


A solution of [IndMo(7’-tpmXCO),]JBF, (0.20 g, 
0.35 mmol) in NCMe (20 ml) was warmed to 45°C for 
2 h. The solution was concentrated and addition of Et,O 
gave an orange product which was further recrystallized 
from NCMe-Et,O (— 30°C) (yield, 98%). Anal. Found: 
C, 44.28; H, 3.00; N, 14.70. C,,H,,BF,MoN,O, Calc.: 
C, 44.39; H, 2.99; N, 14.78%. Selected IR (KBr) v(CO) 
1946, 1867 vs cm™'. 'H NMR (NCME-d,, 300 MHz, 
room temperature): 5 9.11 (d 1H, H,), 8.55 (s, 1H, 
CH), 8.14 (d, 1H, H,), 8.12 (d, 2H, H,), 8.05 (d, 2H, 
H,), 6.90 (t, 1H, H?), 6.72-6.69 (m, 3H, 2H*~* + H,), 
6.59-6.51 (m, 4H, 2H*-* + 2H,) 5.55 (d, 2H, H'/*) 
ppm. °C NMR (NCMe-d,, 75 MHz, room temperature): 
226.50, CO; 153.70, C,; 147.80, C*’°; 146.99, 2C;; 
135.74, 2C,; 134.90, C,; 125.63, C*’*; 119.01, C°”’; 
110.67, C,; 109.29, 2C,; 99.76, C?; 76.07, C'/*; 75.69, 
CH ppm. 


4.12. Preparation of [(n’-Ind)Mo{n’-HB(pz),}(CO),] 
(4c) 


A solution of [IndMo(NCMe),(CO), [BF,] (0.22 g, 
0.50 mmol) in CH,Cl, (20 ml) was treated with 
K[HB(pz),] (0.13 g, 0.52 mmol). After 2 h the solvent 
was removed under vacuum and the residue extracted 
with hexane. Ether was added and after concentration 
and evaporation the compound separated as brick-red 
microcrystals. Further recrystallization was from hex- 
ane—Et,O (yield, 86%). Anal. Found: C, 50.10; H, 
3.55; N, 17.68. C,)H,,BMoN,O, Calc.: C, 50.03; H, 
3.57; N, 17.50%. Selected IR (KBr): »(BH) 2475; 
v(CO) 1939, 1848 vs cm™'. 'H NMR (NCMe-d,, 300 
MHz, room temperature): 5 8.86 (d, 1H, H,), 7.81 (d, 
2H, H,), 7.65 (d, 2H, H,), 7.64 (d, 1H, H;), 6.63 (t, 
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1H, H*), 6.70-6.67 (m, 2H, H*~*), 6.52-6.49 (m, 2H, 
H*~*), 6.44 (t, 1H, H,), 6.25 (d, 2H, H,), 5.40 (d, 2H, 
H'/*) ppm. °C NMR (NCMe-d,, 75 MHz, room tem- 
perature): 5 229.88, CO; 150.46, C,; 148.56, C*’°; 
143.81, 2C,; 137.32, 2C,; 136.08, C.; 124.83, C*/*; 
118.50, C°’’; 108.35, C,; 106.77, 2C,; 99.59, C?; 
75.05, C'/? ppm. Mass spectroscopy m/z 424 (M* — 
2CO); 308 (M* — C,H,). 


4.13. Preparation of [(n’-Ind)Mo{n’-Me ,tacn}(CO), ]- 
BF, (4d) 


A solution of [IndMo(NCMe),(CO), [BF,] (0.25 g, 
0.57 mmol) in CH,Cl, (20 ml) was treated with an 
excess of 1,4,7-trimethyltriazocyclononan (0.40 ml). Af- 


Table 6 
Summary of crystal data and details of intensity collection for 5 


ter 1 h the resulting dark-red solution was concentrated 
and addition of Et,O gave the product, which was 
further recrystallized from NCMe-Et,0 (—30°C) 
(yield, 85%). Anal. Found: C, 45.59; H, 5.20; N, 8.01. 
C.) H2, BF, MoN,O, Calc.: C, 45.74; H, 5.37; N, 8.00%. 
Selected IR (KBr): v(CO) 1937, 1852 vs cm™'. 
(NCMe-d,, 300 MHz, room temperature): 5 6.94 (t, 
1H, H?), 6.60 (m, 2H, H*~*); 6.47 (m, 2H, H*~*), 4.78 
(d, 2H, H'/*), 3.99 (s, 3H, CH,), 3.05 (m, 6H, CH,), 
2,72 (s, 6H, CH,), 2.69 (m, 6H, CH) ppm. °C NMR 
(CH,Cl,-d,, 75 MHz, room temperature): 6 227.31, 
CO; 147.03, C*’*; 125.56, C*/*; 118.09, C°”’; 93.80, 
C*; 73.43, C'/?; 59.53, 59.18, 57.65, CH, and CH, 
ppm. 





Crystal data 

Formula 

Formula weight 
Crystal system 

Space group 

a (pm) 

b (pm) 

c (pm) 

Cell volume (10° pm*) 
Z; eric gcm a 
F(000) 

Crystal size (mm) 
Crystal colour and habit 


Data collection and data reduction 
Diffractometer 

Radiation 

Temperature (K) 

Scan type 

Scan range (°) 

Scan time (s) 

2@ limits, (°); octants 

Number of reflections collected 
Number of reflections for # scan 
m (Mo Ka) (cm~') 

Transmission factor: maximum; minimum 
Crystal decay (%) 

Extinction parameter 


Solution and refinement 

Number of independent data 

Number of observed data 

Number of refined parameters 

Weighting scheme: w~' = 0 *(F2) + aP? + bP 


R indices (all data) 


Peak final difference map: maximum; minimum (electrons A~*) 
Maximum shift /error 


Ci H,,N,0,W-BF, 
530.0 


Orthorhombic 
Cmc2, (No. 36) 
1048.8(1) 

1350.4(2) 
2765.34) 
3916.19) 

4; 1.916 

2160 

0.38 X 0.25 x 0.386 
Red—brown prisms 


Enraf—Nonius CAD4 
Mo Ka (A = 71.073 pm) 
193+3 

@w scan 

1.20 + 0.25 tan 8 
Variable; maximum 90 
2.0—50.0; +h, +k, +l 
3811 

a 

59.5 

0.775 : 1.000 

No 

2.7x 107’ 


3615 

3615 (1 > 0.00) 

370 

P =(F2 + 2F2)/3 

a = 0.0202; b = 19.32 


0.018 
0.045 
0.05(1) 
1.099 
0.51; 0.52 
< 0.001 





*R, = Zi F,|-\ Fi /2F,. 
* wR, =(Iw FE? - F2P /SWo FP} /?. 
* Goodness of fit = [Zw F2 — F?)? /(No-Ny)}/?. 
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4.14. Preparation of [IndMo(DMF),(CO),]BF, (4e) 


A solution of [IndMo(7°-C,H,CO),] (0.10 g, 0.32 
mmol) in CHCl, (20 ml) was treated with HBF, - Et,O 
(1 equivalent). After 10 min an excess of DMF (5 ml) 
was added and the reaction mixture left for 1 h. The 
solvent was evaporated and the residue recrystallized 
from DMF-Et,O (yield, 91%). Selected IR (Nujol): 
v(CO) 1939, 1848 vs, v(C=O) 1649 cm~'. 'H NMR 
(DMF-d,, 300 MHz, room temperature): 5 8.02 (s, 
CH); 6.99 (t, 1H, H*); 6.47—6.39 (m, 4H, H*~*); 5.08 
(d, 2H, H'/*); 2.95 (s, CH,); 2.78 (s, CH,) ppm. °C 
NMR (DMF-d,, 75 MHz, room temperature): 5 229.94, 
CO; 162.8 (s, DMF); 146.73 C*/°; 123.70, C*/*; 117.20, 


Table 7 


Cc’; 101.30, C?; 74.53, C'/?; 35.70 (s, DMF); 30.6 (s, 
DMF) ppm. 


4.15. Preparation of [IndW(CO),(NCMe),]BF, (5) 


A solution of [IndW(CO),(NCMe), ]BF, (0.28 g; 0.49 
mmol) in NCMe (20 ml) was warmed to 45°C for 30 
min. The resulting dark-red solution was concentrated 
and addition of Et,O gave the crystalline product which 
was further recrystallized from NCMe-Et,O (yield, 
96%), Anal. Found: C, 36.08; H, 2.99; N, 7.38. 
C,,H,,BF,O,N,W Calc.: C, 36.14; H, 2,85; N, 7.44%. 
Selected IR (Nujol): v(N=C) 2318, 2288 w; v(CO) 
1952, 1881 vs cm~'. Selected IR (KBr): v(CO) 1948, 


Final coordinates and equivalent isotropic thermal parameters of the non-hydrogen atoms for [°-IndW(CO),(NCMe), JBF, (5) 





Atom x y 


z Ung 
(A’) 





w(i) 0 
O(1) 0.1894(4) 
N(1) 0 
N(2) 0.1391(5) 
C(1) 0.122%5) 
C(2) 0 
C3) 0 
C4) 0.208% 6) 
c(5) 0.2997(8) 
(6) 0 
7) 0.108% 6) 
8) 0.0677(4) 
(9) 0.1351(6) 
C(10) 0.0648(7) 


0.09025(2) 
0.0167(3) 
0.2368(5) 
0.1614(3) 
0.0458(4) 
0.3161(6) 
0.4182(7) 
0.1944(4) 
0.235%6) 
— 0.0210(6) 
— 0.05364) 
— 0.13863) 
— 0.2105(4) 
— 0.2865(4) 


w(2) 0 

O(2) 0.1903(4) 
N(3) 0 

N(4) 0.138%5) 
(11) 0.1228(S) 
(12) 0 

(13) 0 

(14) 0.2075(8) 
(15) 0.2960(14) 
(16) 0 

(17) 0.107%6) 
0118) 0.0675(5) 
19) 0.133%6) 
(20) 0.0654(7) 


0.119166(2) 
0.2638(3) 
0.0451(S) 
0.1207(4) 
0.2364(4) 
— 0.0326(6) 
—0.132%9) 
0.0833(5) 
0.035%9) 
0.30545) 
0.3342(4) 
0.4196(3) 
0.4931(4) 
0.5688(S) 


F(1) 0 
F(2) 0.0863(15) 
F(3) 0.1024(11) 
F(4) 0.0731(16) 
BCI) 0 


0.5446(5) 
0.4037(8) 
0.4544(16) 
0.5353(11) 
0.4835(11) 


F(S) 0 

F(6) 0.070%15) 
F(7) 0.07220) 
F(8) 0.1048(13) 0.1912(21) 
B(2) 0 0.1642(11) 


0.0971(9) 
0.1278(10) 
0.245912) 


0.22198(1) 
0.3013(1) 
0.2526(2) 
0.173%2) 
0.2711(2) 
0.2666(3) 
0.2851(4) 
0.1471(2) 
0.1138(3) 
0.1660(3) 
0.192%2) 
0.2222(2) 
0.2466(2) 
0.2691(2) 


0.0244(1) 
0.043(1) 
0.030(2) 
0.034(1) 
0.030(2) 
0.0292) 
0.047(3) 
0.034(2) 
0.054(2) 
0.032(2) 
0.033(2) 
0.02% 1) 
0.037(2) 
0.038(2) 


0.43481(1) 
0.3556(1) 
0.4037(2) 
0.4827(2) 
0.3855(2) 
0.389%(3) 
0.3721(4) 
0.507%3) 
0.5418(4) 
0.4910(3) 
0.4634(2) 
0.4335(2) 
0.4097(2) 
0.3864(2) 


0.0251(1) 
0.043(1) 
0.032(2) 
0.03%1) 
0.031(2) 
0.033(2) 
0.048(3) 
0.053(2) 
0.103(S) 
0.032(3) 
0.031(2) 
0.038(1) 
0.036(2) 
0.043(2) 


0.1076(2) 
0.1378(5) 
0.1632(7) 
0.1830(4) 
0.1486(4) 


0.072(3) 
0.108(6) * 
0.144(9) * 
0.127(7) * 
0.064(4) 


0.0577(3) 
— 0.0163(4) 
0.0361(8) 
0.0110(10) 
0.0235(4) 


0.187(8) 
0.103(5) * 
0.160(10) * 
0.206(17) * 
0.064(S) 





U,,, is defined as a third of the trace of the orthogonalized Uj; tensor. 
* Atom sites have a population of 0.500. 
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1874 vs cm~'. 'H NMR (NCMe-d,, 300 MHz, room 
temperature): 5 6.55—6.48 (m, SH, H*~* and H”); 5.02 
(d, 2H, H'/*); 1.96 (s, CH,) ppm. °C NMR (NCMe-d,; 
75 MHz, room temperature): 5 213.93, CO; 149.23, 
c*/*; 125.03, C*/*; 119.04, C°/’; 118.28 (s, NCCD, 
and NCMe); 91.72; C?; 66.20, C'/*; 2.09-0.48 (m, 
NCCD, and NCMe) ppm. 


4.16. X-ray structure determination of 5 


Details of data collection parameters, structure solu- 
tion and refinement for 5 are presented in Table 6, and 
the final positional parameters in Table 7. A red—brown 
prism, coated with silicone grease in a glass capillary, 
was mounted on a CAD4 diffractometer equipped with 
a graphite monochromator. For determination of accu- 
rate cell dimensions the positional parameters of 25 
reflection (each centred in four orientations; @ > 20.0°) 
were refined by full-matrix least-squares methods. Dur- 
ing data collection, the intensities of three standard 
reflections where monitored and showed no decay. Cor- 
rections for Lorentz—polarization effects, absorption and 
extinction were applied. From the original data set 196 
reflections (20 with /< 0.01; 176 systematically ab- 
sent) were rejected. The structure was solved by the 
heavy-atom method and subsequent difference Fourier 
synthesis and refined by full-matrix least-squares meth- 
ods, with anisotropic thermal parameters for the non-hy- 
drogen atoms. All H atoms were identified in difference 
maps and were refined with isotropic thermal parame- 
ters. Both of two BF; anions were found disordered in 
two positions. Scattering factors for neutral atoms and 
values for anomalous dispersion were taken from refer- 
ence 26 and programs for solution and refinement [27] 
were run on a Micro VAX 3100. 

Further details of the crystal structure investigation 
are available on request from the Fachinformationszen- 
trum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, on 
quoting the depository number CSD-401921, the names 
of the authors and the journal citation, or from one of 
the authors E.H. 
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Abstract 


The complexes Co(NOXCOXPh, PH), (1), Fe(NO),(Ph. PH), (2) and Mn(NOXCO).,(Ph, PH), (3) are synthesized from Co(NOXCO),, 


Fe(NO),(CO), 


and Mn(NOXCO), respectively. Deprotonation of 1 with two equivalents of BuLi followed by subsequent addition of 


methyl iodide, allyl bromide and propargyl bromide provides Co(NOXCO)Ph,PMe), (4), Co(NOXCOXPh,PCH,CHCH,), (5) and 
Co(NOXCOXPh, PCH CCH), (6) respectively. X-ray crystal structure analyses for 1, 3 and 4-6 were ousted out to give data as 
followed. 1: monoclinic; C2/c; Z = 4; a = 17.130(5), b = 9.894(2) and c = 42.6071) A; B = 93.22)"; V = 7210(2) A; R = 0.056; 


R,, = 0.058. 3: monoclinic; C2/c; Z=4; a= 15.231(5), b= 


10.2472) and c= 16.3112) A; B= 


102.202); V = 2488(1) A’; 


R = 0.041; R,, = 0.042. 4: monoclinic; C2/c; Z = 4; a = 15.5563), b = 12.072(1) and ¢ = 14.8002) A; B 114.4301); V = 2532.07) 


A; R= 0.032: 
V = 28631) A’; 
94,912(7): V = 2845.86) A®; R= 0.052: R,, = 0.059. 


Keywords: Nitrosyl; Carbonyl; Manganese; Phosphine; Cobalt; Iron 


R,, = 0.031. 5: monoclinic; P2,/c; Z=4; a= 15.4272), b= 
R= 0.042; R,, = 0.046. 6: monoclinic; P2,/n; Z=4; a= 9.3398), b= 


10.118(2) and c= 18.7936) A; B= 102.561); 


19.035(4) and c= 16.0071) A; B= 





1. Introduction 


Coordinated NO ligands are usually much more re- 
sistant to ligand substitution than are CO groups [1]. 
Being a better m acceptor than CO, a NO ligand 
frequently labilizes the CO ligands coordinated to the 
same metal atoms and sometimes causes ligand substitu- 
tion to occur in rather mild conditions [2]. We are 
interested in dinuclear complexes with a phosphide 
bridge [3] since such a bridge normally is robust enough 
to prevent fragmentation of the dimer during reaction 
[4]. We therefore set out to synthesize the bis(diphenyl- 
phosphine) derivatives of Co(NOXCO),, Fe(NO),- 
(CO),, and Mn(NOXCO), since these metal nitrosyl 
carbonyls have been reported to react with various 
tertiary phosphines to form monosubstituted and disub- 
stituted derivatives via carbonyl substitution [5], and 
deprotonation of [MKR.,PH) has been one of the most 


* Corresponding author. 
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frequently used methods to obtain phosphide-bridged 
complexes [6]. In this report we shall describe the 
syntheses of [MKPh,PH), ({M]=Co(NOXCO) (1), 
Fe(NO), (2) or Mn(NOXCO), (3)) from the aforemen- 
tioned metal nitrosyl carbonyls. Such complexes could 
potentially form dinuclear complexes bridged by two 
diphenylphosphide [7], or phosphide-bridged trinuclear 
complexes. Some derivatives of 1 are also described. 


2. Experimental section 
2.1. General procedures 


All reactions and manipulations were carried out 
under N, with use of standard inert-atmosphere and 
Schlenk techniques. Solvents were dried by standard 
procedures. All column chromatography was performed 
under N, with use of silica gel (230-400 mesh ASTM; 
Merck) as the stationary phase in a column 35 cm in 
length and 2.5 cm in diameter. The compounds 
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[PPN][Fe(CO),(NO)] (PPN* = (Ph,P),N*) [8], 
Co(NOXCO), [9], Fe(NO),(CO), [9] or Mn(NOXCO), 
[10]) were prepared by published procedures with modi- 
fications. IR measurements were measured on a 
Perkin—Elmer 880 spectrometer. The NMR spectra were 
measured using Bruker AMX500 ('H and *P), AC200 
(‘H) and AC300 ('H and *'P) spectrometers. Elemen- 
tary analyses were performed on a Perkin-Elmer 2400 
CHN analyzer. 


2.2. Preparations 


2.2.1. Co(NO)CO)(Ph, PH), (1) 

To a solution of 3.0 g of Co/NOXCO), (17.3 mmol) 
in 150 ml of CH,CN pre-chilled to — 20°C was added 
2.01 equivalents of Ph,PH (6.1 ml). The low tempera- 
ture bath was then removed, and the solution was stirred 
at room temperature for 24 h and then at 40°C for 72 h. 
After removal of the solvent the residue was chro- 
matographed. Elution with CH,Cl, : hexane (1:10 by 
volume) gave the orange first band which was identified 
to be Co(NOXCO),(Ph, PH). The dark-red second band 
eluted from CH,Cl,/hexane (1:10 by vol) provided 1 


Table 1 
Crystal data for 1 and 3-6 


(44%) after removal of the solvent. Anal. Found: C, 
61.26; H, 4.39; N, 2.86. C,,H,,NO,P,Co calc.: C, 
61.36; H, 4.53; N, 2.86. 


2.2.2. Fe(NO),(Ph, PH), (2) 

One equivalent of NO* BF; (0.857 g, 7.34 mmol) 
was added all at once via a Schlenk tube into a vigor- 
ously stirred CH,Cl, solution (30 ml) of 
[PPN][Fe(CO),(NO)] (5.00 g, 7.34 mmol) pre-chilled to 
— 78°C. After 12 h at —78°C the solution was slowly 
warmed to room temperature. An acetonitrile solution 
(60 ml) of Ph, PH (14.8 mmol, 2.60 ml) was then added 
and the solution was heated at 55°C for 48 h. The 
solvent was removed under reduced pressure and the 
residue was chromatographed. Elution with 
CH,Cl, : hexane (1:5 by volume) gave the orange-red 
first band, from which trace amounts of Fe(NO),(CO), 
was isolated. The dark-red second band eluted with 
CH,Cl, : hexane (1:3 by volume) provided 2 with a 
yield of 2.11 g (59%). Anal. Found: C, 58.56; H, 4.15; 
N, 5.36. C,,H,,N,0,P,Fe calc.: C, 59.04; H, 4.13; N, 
5.36%. 





1 3 


4 5 6 





Formula 
Formula weight 


a (A) 
b(A) 
c (A) 
BC) 
Crystal system 


C75 HggCo,N,0, P, C,H, MnNO,P, 
1461.96 $13.35 

17.130(5) 15.231(5) 
9.894(2) 10.247(2) 
42.607(1) 16.311(2) 
93.2%(2) 102.292) 
Monoclinic Monoclinic 

C2/c C2/c 

4 4 


72102) 

1.347 

0.28 x 0.07 x 0.19 

Cu Ka (A = 1.5406 A) 
9.75 

1.00-0.34 


2488(1) 

1.371 

Crystal size (mm) 0.41 x 0.22 x 0.13 

Radiation 

pw (mm™~') 

Transmission factors 
(maximum—minimum) 

26 range (°) 

Octants 


2.0-—130 
+h(— 20-20), 
+k(0-11), 

+ (0-50) 
6135 


+ 0-19) 
Number of unique 2186 
reflections 
Number of reflections 
with />no 
Number of variables 421 
0.056, 0.058 
2.06 
0.221 


2752 (n = 2) 1105 (n = 2) 


Mo Ka (A = 0.7107 A) 


C3,H,,CoNO,P, C,;,H3,CoNO,P, C,,H,,CoNO,P, 
$17.39 569.46 565.43 

15.556(3) 15.427(2) 9.33938) 
12.072(1) 10.118(2) 19.035(4) 
14.8092) 18.793(6) 16.007(1) 
114.4301) 102.56(1) 94.912(7) 
Monoclinic Monoclinic Monoclinic 
C2/c P2,/c P2,/n 

4 4 4 


2532.47) 

1.357 

0.25 x 0.30 x 0.38 
Same 

0.82 

1.00-—0.94 


2863(1) 

1.321 

0.06 x 0.12 x 0.22 
Same 

0.75 

1.00-0.87 


2845.8(6) 

1.320 

0.38 x 0.19 x 0.14 
Same 

0.74 

1.00-0.97 


2.0-—50 

+h( — 18-18), 
+k(0-14), 

+ 0-17) 
2234 


2.0—45 

+h(— 16-16), 
+k(0-10), 

+ 0-20) 
3730 


2.0-—45 

+h(— 10-10), 
+ k(0-20), 

+ 0-17) 
3700 

1567 (n = 2) 1632 (n = 2.5) 2341 (nm = 2) 
150 

0.032, 0.031 
2.04 

0.028 


334 

0.042, 0.046 
1.45 

0.002 


335 

0.052, 0.059 
2.46 

0.001 





R=Z||Fy|-lFAI/E1Fo|. R, =(2w| Fy | —1 F.12/ Ew! Fy 7}? 


for 4, k = 0.00002; for 5, k = 0.0001; for 6, k = 0.00005. 


;w=1/(o7(F,) + 0.0001 F 2]. For 1, k = 0.00015; for 3, k = 0.0001; 
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2.2.3. Mn(NO)(CO),(Ph, PH), (3) 

The complex Mn(NOXCO), (0.745 g, 3.78 mmol) 
was vacuum transferred to a flask containing EtOH 
solution (50 ml) of Ph,PH (1.25 ml, 7.18 mmol). The 
flask containing the mixture was immersed in a cold 
bath at — 20°C and an EtOH solution (20 ml) of Me,NO 


Table 2 
Atomic coordinates for 1 


(0.292 g, 3.39 mmol) was added dropwise. When the 
addition of Me,NO was complete, the solution was 
slowly warmed to room temperature and stirred for 24 
h, and then at 50°C for 48 h. After removal of the 
solvent the residue was chromatographed rapidly. The 
orange-red first band eluted with CH Cl, : hexane (1:3 





Atom x 


B., 
(A) 





Co(1) 0.169497) 
Co(2) 0.50000 
P(1) 0.23524(11) 
P(2) 0.26141(11) 
P(3) 0.59358(12) 
N 0.1266(4) 
ou) 0.08794) 
O(2) 0.0958(5) 
03) 0.5224(4) 
C1) 0.120%5) 
C(NX3) 0.5152(5) 
C11) 0.1800(4) 
(12) 0.2144(4) 
(13) 0.1693(5) 
C14) 0.0896(5) 
c(15) 0.0560(4) 
C(16) 0.0998(4) 
(21) 0.3212(4) 
(22) 0.3145) 
0(23) 0.3805(7) 
(24) 0.4531(6) 
(25) 0.45965) 
(26) 0.39505) 
C31) 0.3257(4) 
(32) 0.3335(4) 
(33) 0.38245) 
(34) 0.4232(4) 
(35) 0.41505) 
(36) 0.36704) 
(41) 0.2255(4) 
(42) 0.1784(5) 
(43) 0.1436(5) 
(14) 0.153716) 
(45) 0.198%7) 
(46) 0.23475) 
51) 0.68905) 
(52) 0.6931(6) 
(53) 0.76409) 
(54) 0.8220(12) 
(55) 0.8325(15) 
(56) 0.75388) 
C61) 0.57534) 
(62) 0.5528(5) 
(63) 0.53836) 
(64) 0.5461(8) 
(65) 0.5691(8) 
(66) 0.5832(6) 


0.21127(12) 
0.97853(18) 
0.03390(19) 
0.33427(20) 
0.83202(22) 
0.2825(7) 
0.1258(9) 
0.32806) 
1.1357(8) 
0.1590(9) 
1.0665(8) 

— 0.12107) 

— 0.2341(8) 

— 0.3455(8) 

— 0.3458) 

— 0.2358) 

— 0.1225(7) 

— 0.01807) 

— 0.075710) 

—0.1055(11) 

— 0.074311) 

— 0.0197(10) 
0.0122(9) 
0.43347) 
0.3991(7) 
0.471719) 
0.5829) 
0.6165(8) 
0.5448(8) 
0.4507(8) 
0.5604(9) 
0.6446(9) 
0.621312) 
0.5162(13) 
0.4322(10) 
0.8945(11) 
1.0192(16) 
1.07119) 
0.9762(28) 
0.8666(24) 
0.8224(12) 
0.6968(10) 
0.7270(10) 
0.6197(16) 
0.4883(19) 
0.4615(13) 
0.562% 11) 


0.57245(3) 4.837) 
5.7% 11) 
4.11010) 
4.36(10) 
4.9011) 
6.8(4) 

10.45) 

10.2(5) 

10.05) 
6.05) 
6.5(5) 
4.04) 
4.5(4) 
5.04) 
5.4(4) 
5.(5) 
4.7(4) 
4.3(4) 
6.45) 
8.06) 
7.1(6) 
7.46) 
6.3(4) 
3.73) 
4.4) 
5.04) 
5.24) 
5.34) 
4.7(4) 
4.2(4) 
5.5(5) 
6.1(5) 
8.046) 
9.7) 
7.1(5) 
6.1(5) 

12.1(9) 

15.7(12) 

17.0(20) 

21.1(21) 

14.0(10) 
5.5(5) 
6.7(5) 
9.5(8) 

10.5(10) 

11.3(9) 
8.2(6) 


0.62132) 
0.59303) 
0.57372) 
0.5731(2) 
0.54192) 
0.5240(2) 
0.5365(2) 
0.56742) 
0.5854(2) 
0.6252(2) 
0.6147(2) 
0.6356(2) 
0.6667(2) 
0.6775(2) 
0.6570(2) 
0.27532) 
0.2884(3) 
0.302%3) 
0.30245) 
0.28777) 
0.27514) 
0.2878(2) 
0.3171(2) 
0.3373) 
0.3284(4) 
0.2995(4) 
0.2784(2) 
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Table 3 Table 4 
Atomic coordiantes for 3 Atomic coordinates for 4 


Atom x y Atom «x 














Mn 0.0 0.20155(12) 0.25 Co 0.00000 0.19413(5) 0.25000 

P 0.132479) 0.19233(14) 0.210548) P —0.00952(5) 0.312137) 0.13234(5) 
N 0.0 0.3708(7) 0.25 C(N) —0.1047(2) 0.1277(2) 0.21592) 
O41) —0.075103)  0.0425(4) 0.1018(2) ci) 0.1002(2) 0.3815(3) 0.1486(2) 
O(2) 0.0 0.4852(6) . c(2) — 0.093% 2) 0.4242(2) 0.1090(2) 
c(i) —0.0458(3) 0.1035(5) ' c3) —0.0700(2) 0.5351(2) 0.1154(2) 
cub 0.2325(4)  0.2476(5) : C(4) —0.1377(2) 0.6167(3) 0.0982(2) 
(12) 0.3171(4) 0.2318(6) ' c{5) —0.2291(2) 0.5891(3) 0.0745(2) 
c(13) 0.39274) 0.27017) } C(6) —0.2548(2) 0.4792(3) 0.0686(2) 
c14) 0.385014) 0.32506) . C7) —0.1877(2) 0.3983(2) 0.0864(2) 
c(15) 0.3028(4) 0.3428(5) . C{8) — 0.0422(2) 0.25192) 0.0086(2) 
c(16) 0.225%3)  0.3050(5) x C9) —0.1127(2) 0.2958(2) — 0.07732) 
C(21) 0.135403)  0.2747(5) 0.1127(3) ci0) = -—0.1304(2) 0.2491(3) —0.1690(2) 
(22) 0.1384(5)  0.4077(7) 0.1084(4) Cul) -0.0787(2) 0.1595(3) —0.175%2) 
C(23) 0.1335(6) 0.4712(7) 0.0335(5) C42) ~=— 0.0099(2) 0.1153(3) — 0.0925(2) 
(24) 0.12735)  0.3998(7) — 0.0384(4) C13) 0.007% 2) 0.160%2) — 0.0004(2) 
C(25) 0.1262(4)  0.2688(6) — 0.0353(3) ‘ 8) —0.1751(2) 0.0813(2) 0.1955(2) 
C(26) 0.130714)  0.2058(5) 0.0403(3) 
H 0.162(2) 0.06%3) 0.196(2) 








Table 5 
Atomic coordinates 5 





Atom B 


so 


(A) 





Co 0.764191 1) 0.31464(18) 0.10288(9) 3.61(8) 
0.65424(19) 0.1712(3) 0.08176(16) 3.15116) 
0.87773(19) 0.1898(4) 0.15541(16) 3.06(16) 


0.7417) 0.427011) 0.1640(6) 5.2(6) 
0.7802(7) 0.4132(11) — 0.0341(S5) 7.47) 
0.7234(8) 0.507001 1) 0.2034(6) 8.1(7) 
0.7767(7) 0.370101 1) 0.0216(6) 3.146) 
0.6580(8) 0.0352(12) 0.0164(6) 4.07) 
0.6905(11) 0.077015) — 0.0511(8) 6.6(10) 
0.650911) 0.0603(16) —0.1166(9) 8.111) 
0.8926(7) 0.1603(12) 0.2546(6) 3.47) 
0.9104(8) 0.285113) 0.2985(7) 4.4(7) 
0.8660(9) 0.3212(16) 0.3462(7) 6.(8) 
0.5463(8) 0.247811) 0.0405(6) 3.4(6) 
0.53938) 0.3186(14) — 0.0246(7) 4.6(7) 
0.459010) 0.3708(14) — 0.0591(7) 5.48) 
0.38499) 0.3568(14) — 0.0297(8) 5.5(8) 
0.3898(9) 0.2890(14) 0.0337(8) 5.2(8) 
0.47139) 0.2347(14) 0.0688(7) 4.7(8) 
0.6320(7) 0.0855(12) 0.1603(7) 3.6) 
0.6336(10) 0.1551(14) 0.2231(8) 6.2(9) 
0.613911) 0.0926(20) 0.2833(9) 7.011) 
0.5984(11) — 0.0373(21) 0.2836(9) 7.001) 
0.5998(11) — 0.1088(16) 0.2240(11) 7.501) 
0.6163(9) — 0.0461(15) 0.1612(7) 5.1(8) 
0.8793(7) 0.021712) 0.12146) 3.06) 
0.8515(8) — 0.087012) 0.1568(7) 3.707) 
0.8460(8) — 0.210% 12) 0.1244(8) 4.37) 
0.87009) — 0.2314(14) 0.0586(8) 5.2(8) 
0.8986(9) — 0.1266(16) 0.0233(7) 5.8) 
0.9042(8) — 0.001113) 0.0551(7) 4.207) 
0.9867) 0.2514(13) 0.1483(6) 3.06) 
1.064%8) 0.1794(14) 0.1784(6) 4.107) 
1.1458(8) 0.2294(14) 0.171707) 4.718) 
1.1505(8) 0.3493(15) 0.1365(7) 4.8) 
1.0754(9) 0.4190(12) 0.1081(7) 4.37) 
0.9943(8) 0.3708(12) 0.1145(6) 3.76) 
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by volume) provided 0.497 g (16.0%) of powdery 3. 
Anal. Found: C, 60.44; H, 4.10; N, 2.51. 
C.,,H,,NO,P,Mn calc.: C, 60.83; H, 4.32; N, 2.73%. 


2.2.4. Co(NOMCOMPh, PMe), (4) 

Two equivalents of BuLi (1.6 M in tetrahydrofuran 
(THF), 2.5 ml) was added dropwise to a THF solution 
(100 ml) of 1 (0.978 g, 2.00 mmol) pre-chilled to 
— 78°C. After being stirred at —78°C for 1 h, to the 
solution was added 0.25 ml (4.00 mmol) of Mel. The 
solution was stirred at the same temperature for 30 min 
and then was slowly warmed to room temperature. 
After removal of the solvent the residue was chro- 
matographed. Complex 4 was obtained (82%) from the 
reddish first band eluted with Et,O:hexane (1:5 by 
volume). Anal. Found: C, 62.41; H, 4.95; N. 2.50. 
C,,H,,NO,P,Co calc.: C, 62.68; H, 5.06; N, 2.71%. 


Table 6 
Atomic coordinates for 6 


2.2.5. Co(NOMCO)Ph, PCH,CHCH,), (5) 

The procedure for the synthesis of 4 was followed, 
except that allyl bromide was used instead of methyl 
iodide, and the eluent for the chromatography was 
CH,Cl,: hexane (1:7 by volume). Complex 5 was 
obtained as reddish-brown powders (67%) Anal. Found: 
C, 65.07; H, 5.33; N, 2.38. C,,H,,>NO,P,Co calc.: C, 
65.30; H, 5.31; N, 2.46%. 


2.2.6. Co(NOMCOMPh, PCH,CCH), (6) 

The procedure for the synthesis of 4 was followed 
except that propargyl bromide was used instead of 
methyl iodide. The first band eluted with CH,Cl,: 
hexane (1:7 by volume) was not characterized. The 
orange—red, second band eluted with CHCl, : hexane 
(1:4 by volume) provided 6 (31%) after removal of the 





Atom x 





Co 0.08324(1 1) 
P(1) — 0.020221) 
0.2017%20) 
— 0.0387) 
0.29807) 
—0.118%7) 
0.21349) 
0.0980(7) 
0.16118) 
0.215210) 
0.093 1(8) 
0.0138(8) 
— 0.0490(10) 
—0.108%8) 
— 0.20749) 
— 0.276719) 
—0.2491011) 
— 0.154312) 
— 0.0826(11) 
— 0.1642(8) 
— 0.229%9) 
— 0.3385(10) 
— 0.383911) 
— 0.323312) 
— 0.211611) 
0.3425(8) 
0.436%9) 
0.5402(10) 
0.5506(11) 
0.455413) 
0.351911) 
0.295X%8) 
0.2582(10) 
0.3285(12) 
0.4365(12) 
0.4788(9) 
0.40779) 


0.335965) 
0.414970110) 
0.40380010) 
0.28633) 
0.2668(3) 
0.2486(3) 
0.2961(3) 
0.461014) 
0.41334) 
0.37645) 
0.4464(4) 
0.393% 4) 
0.3518(5) 
0.488714) 
0.47444) 
0.527HS) 
0.595S(S) 
0.61145) 
0.5591(4) 
0.38124) 
0.4238(4) 
0.39905) 
0.332716) 
0.2902(5) 
0.3140(5) 
0.3624(4) 
0.3998(4) 
0.3681(6) 
0.2965(6) 
0.25805) 
0.2906(5) 
0.47904) 
0.54704) 
0.60234) 
0.587%6) 
0.5212(6) 
0.4661(4) 


0.24096(6) 
0.31605(1 1) 
0.16039(11) 
0.183% 4) 
0.3487(4) 
0.1462(4) 
0.3068(5) 
0.3968(4) 
0.4615(S) 
0.51245) 
0.072814) 
0.0205(4) 
— 0.02005) 
0.2606(5) 
0.19335) 
0.1475) 
0.1661(6) 
0.23136) 
0.277HS) 
0.37624) 
0.43155) 
0.47545) 
0.4648(6) 
0.4093(8) 
0.364%6) 
0.1056(4) 
0.0630(5) 
0.019716) 
0.02037) 
0.0611(8) 
0.1051(6) 
0.2093(4) 
0.1945(5) 
0.2371(7) 
0.2955(6) 
0.31205) 
0.26975) 
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Table 7 
Selected bond distances (A) and angles (°) for 1 and 3-6 


1 








Bond distances 

Co(1)—PCU1) 2.188(2) 

Co(1)—P(2) 2.202(2) 

Co(1)-—C(1) 1.722(9) 

Co(1)—N 1.653(8) 

Co(2)—P(3) or Co(2)—P(3a) 2.185(2) 

Co(2)—C /N(3) or Co(2)—C /NGa) 1.696(9) 

Mn-P or Mn—Pa 

Mn-N 

Mn—C(1) or Mn—C(1a) 

Co-P or Co—Pa 2.20708) 

Co-—C/N or Co—C/N(a) 1.694(3) 

Co-P(1) 2.201(3) 2.202(2) 
Co—P(2) 2.212(3) 2.194(2) 
Co-N 1.687(7) 
Co-C(1) 1.718(8) 
Co-C/N(1) 1.70 (1) 

Co-—C/N(2) 1.69 (1) 

N(1)-(1) 

C/N(3)-O(3) 1.15(1) 

N-O(2) 1.16(1) 1.1701) 1.170(9) 
C/N-O 

C(1)-OG)) 1.1301) 1.142(6) 1.1441) 
C(2)-O(2) 

C(3)—O(3) 

C/NQ)-O01) 

C/N(2)-O(2) 

P(1)—C(2) 1.851(7) 
P(2)—C(5) 1.851(7) 
C(2)-C(3) 1.4701) 
C(3)-C(4) 1.1601) 
C(5)-C(6) 1.4601) 
C(6)-—C(7) 1.16(1) 
P-H 


Bond angles 

P(1)—Co(1)—P(2) 101.95(9) 

P(1)—Co(1)—N 109.3(3) 

P(1)—Co(1)—C(1) 104.93) 

P(2)—Co(1)—N 114.8(2) 

P(2)—Co(1)—C(1) 99.0(4) 

N-Co(1)—C(1) 124.2(4) 

P(3)—Co(2)—P(3a) 96.91) 

P(3)—Co(2)—C /N(3) 110.%3) 

P(3)—Co(2)—C /N(3a) 108.93) 

C/N(3)—Co(2)—C /N(Ga) 118.3(4) 

P—Mn—Pa 175.18(8) 

P—Mn-N or Pa—Mn-N 92.41(5) 

P—Mn-C(1) or Pa-Mn—C(1a) 87.6(2) 

P—Mn—C( 1a) or Pa~—Mn—C(1) 89.7(2) 

N-—Mn-C(1) or N—-Mn-C(1a) 124.0(2) 

C(1)—Mn-C(1a) 111.92) 

P—Co-—Pa 

P—Co—C/N or Pa—Co—C/N(a) 

P—Co—C/N(a) or Pa—Co—C/N 

C/N-Co-C/N(a) 

P(1)—Co—P(2) 102.001) 100.87(8) 
P(1)—Co-N 112.0(2) 
P(1)—Co—C(1) 106.6(2) 
P(2)—Co-—N 111.1(2) 
P(2)—Co-—C(1) 104.92) 
P(1)—Co—C /N(1) 106.93) 

P(1)—Co—C /N(2) 107.5(3) 
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Table 7 (continued) 








Bond angles 
P(2)—Co-—C/N(1) 
P(2)—Co—C /N(2) 
N-Co-C(1) 
C/N()-Co-C/N(2) 
P(1)—C(2)-C(3) 
C(2)-3-C(4) 
P(2)—C(5)—C(6) 
C(5)—C(6)-C(7) 
Co(1)-C(1)-O01) 
Co(1)—N-O(2) 
Col(2)—C /N(3)—O13) 
Mn-N-O(2) 
Mn—C(1)—O(1) or Mn—C(1a)—O(la) 
Co-C/N-O 
Co-—N-O(2) 
Co-C(1)—O(1) 
Co-C/N(1)-O01) 
Co-—C /N(2)-O(2) 


178.8(8) 
177.66) 
173.%8) 


111.103) 
109.6(3) 

119.6(3) 
118.2(4) 
114.507) 112.45) 
127 (1) 178.09) 
113.5(6) 110.7(5) 
124 (1) 179.1(8) 


176.6) 
176.%6) 
175.2(8) 
177.1(8) 





solvent. Anal. Found: C, 65.64; H, 4.61; N, 2.48. 
C,,H.,NO,P,Co calc.: C, 65.85; H, 4.64; N, 2.48%. 


2.3. Crystallographic studies 


Crystals of 1 were grown by cooling a concentrated 
solution of 1 in hexane at —5°C for several days, and 


Table 8 
IR Spectra and 'H and *'P('H) NMR spectra of compounds 


crystals of 3-6 were grown by cooling a concentrated 
solution of relevant complexes in CHCl, : hexane (1 : 5) 
at —5°C for several days. Crystals were mounted in 
thin-walled glass capillaries. Diffraction measurements 
were made on an Enraf—Nonious CAD4 diffractometer 
using graphite-monochromated Mo Ka radiation (A = 





Complex v(CO), v( NO); (PH)* 6° 
(cm~') (ppm) 


8 bd 
(ppm) 





1967s, 1723s; 2319vw, 
2312vw 

1724m, 1673s; 2313vw, 
287vw 

1954m, 1867vs, 1660s; 
2324vw, 2324vw 
1939s, 1701s 

1943s, 1700s 


Ph (7.60-7.60, m, 20H); PH (6.20, d, 2H, 'J(P—H) = 340 Hz) 
Ph (7.53-7.26, m, 20H); PH (6.45, d, 2H, 'J(P-H) = 392 Hz) 
Ph (7.84—7.48, m, 20H); PH (7.38, d, 2H, 'J(P-H) = 362 Hz) 


Ph (7.49-7.37, m, 20 H); Me (1.49, d, 6H, 7J(R-H) = 6.6 Hz) 
Ph (7.46—7.34, m, 20H); CH=CH, (5.39, m, 2H); CH=CHaHb 


P (35.1, br) 
P (37.4) 
P (55.8) 


P (43.2, br) 
P (52.5, br) 


(4.78, d, 2H, °J(H-H) = 6.8 Hz); CH = CHa Hb (4.61, d, 2H, *J(H-H) 
= 11.2 Hz); PC HaHb (2.80, m, 2H); PCHa Hb (2.58, m, 2H) 


1943s, 1700s 


Ph (7.34-7.23, m, 20 H); PC HaHb (2.67, ddd, 2H, >J/(H-H) = 


P (52.5, br) 


16.5, 7J(P—H) = 7.0 Hz, “J(H-H) = 2.5 Hz), PCHaHb (2.65, ddd, 2H, 
2J(H-H) = 16.5 Hz, 7J(P-H) = 7.0 Hz, “J(H-H) = 2.5 Hz); CCH (1.87, m, 


2H) 
2041s, 1989vs, 1770s; 
2284vw 
2013m, 1765m, 1720s; 
2336vw 
2038s, 1975m, 1926s, 
1715s; 2300vw 
Co(NOXCO),  2104m, 2034s, 1801s 
Fe(NO)(CO), 2067s, 2018s, 1824s, 
1764s 
Mn(NOXCO), 2101w, 2028vs, 1974vs, 
1758s 





* Measured in CHCl, (3-6, 8), hexane (1, 7, Co(NOXCO),) or CH;CN (h2, 9, Fe(NO),(CO),, Mn(NOXCO),) solution 
» Measured in acetone-d° except for 6 (CD,CI,).° Reported ia parts per million selative to &(Me,Si) 0 ppm.* Reported in parts per million 
relative to 5 (85% H,PO,) 0 ppm. Abbreviations; s, singlet; d, doublet; t, triplet; m, multiplet. 
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Fig. 1. orTEP drawing of Co(NOXCOXPh, PH), (1). Thermal ellip- 
soids are drawn with 30% probability boundaries. 


0.7107 A) or Cu Kav radiation (A = 1.5406 A) with the 
6-26 scan mode. Unit cells were determined by center- 
ing 25 reflections in the suitable 26 range. Other rele- 
vant experimental details are listed in Table 1. All data 
reduction and refinements were carried out on DecAl- 


Fig. 2. OrTEP drawing of Mn(NOXCO),(Ph,PH), (3). Thermal 
ellipsoids are drawn with 30% probability boundaries. 


Fig. 3. ORTEP drawing of Co(NOXCOXPh, PMe), (4). Thermal ellip- 
soids are drawn with 30% probability boundaries. 


pha 3000 /400 computer using NRCVAX programs [11]. 
Intensities were collected and corrected for decay, ab- 
sorption (empirical and y scan) and Lorentz—polariza- 
tion effects. Each structure was solved by direct meth- 
ods [12] and refined on F using full-matrix least-squares 
techniques. An E map from the starting set with the 
highest combined figure of merit revealed coordinates 
for metal atoms. The remaining non-H atoms were 
located from successive difference Fourier maps. All 
non-hydrogen atoms were refined anisotropically. All 
hydrogen atoms were included in the structure factor 
calculation in idealized positions with d._, = 0.98 A. 
The final positional parameters are listed in Tables 2-6 
and selected interatomic distances and bond angles are 
given in Table 7. 


3. Results and discussion 


Complexes Co(NOXCOXPh,PH), (1), Fe(NO),- 
(Ph,PH), (2) and Mn(NOXCO),(Ph,PH), (3) were 
synthesized from ligand substitution of Co(NO)-(CO),, 
Fe(NO),(CO), and Mn(NOXCO), respectively as fol- 


lows: 
Co(NO)(CO), 
Ph,PH 
a? ©o(NO)(CO),( Ph, PH) 


Ph,PH, 40°C 


a **, Co(NO)(CO)(Ph,PH), 
: 1, 44% 
Ph,PH, 55°C 
Fe(NO) (CO), > Fe(NO),(Ph, PH), 
2, 59% 


Mn(NO)(CO), 
Ph,PH—Me,NO, — 20°C to rt 


24h 





» Mn(NO)(CO),(Ph, PH) 


—— Mn(NO)(CO),(Ph,PH), (3) 


3, 16% 
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The IR monitoring of the reactions suggested that 
Co(NOXCO),(Ph,PH) (7), Fe(NO),(COXPh,PH) (8) 
and Mn(NOXCO),(Ph, PH) (9) formed as intermediates 
(Table 4), although they were not isolated pure. As 
expected, the ligation of the second phosphine requires 
more vigorous conditions than that of the first phos- 
phine. The low yield for 3 is mainly due to its air 
sensitivity and extensive decomposition during chro- 
matography. 

The spectroscopic properties of 1-3 (Table 8) are 
consistent with their formulation. The presence of lig- 
ated Ph,PH is evident from the observation of two 
weak v(P—H) bands at about 2300 cm™' and a large 
one-bond P—H coupling (350-400 Hz) in both 'H and 
“Pp NMR spectra. Both v(NO) and v(CO) decrease 
when an additional CO ligand is displaced by a phos- 
phine ligand. According to the prediction of Rossi and 
Hoffmann [13] for a pentacoordinated metal atom with 
d® electronic configuration and trigonal bipyramidal 
geometry, the two better o-donating ligands, Ph,PH, 
should reside in the apical positions, whereas the better 
m-accepting ligands, CO and NO, prefer to be in the 
equatorial sites for 3. Complex 3 indeed has a structure 
(vide infra) which is consistent with the postulate of 
Rossi and Hoffmann and, as expected, it has a medium 
and a strong CO stretchings in the IR spectra and two 
magnetically equivalent Ph, PH ligands in both 'H and 
*'P NMR spectra (Table 8). 

The lithiated phosphine complex [Co(/(NOXCO)Ph,- 
PLi),] is likely to be generated upon treating 1 with two 
equivalents of BuLi. Reactions of this thermally unsta- 
ble anion with methyl! iodide, allyl bromide and propar- 
gyl bromide provide the complexes Co(NO)-(CO\Ph,- 
PMe), (4), Co(NOXCO\Ph,PCH,CHCH,), (5) and 
Co(NOXKCOMPh,PCH,CCH), (6) respectively. The 


Fig. 4. ortep drawing of Co(NOXCOXPh,PCH,CHCH,), (5). 
Thermal ellipsoids are drawn with 30% probability boundaries. 


Fig. 5. orTEP drawing of Co(NOXCOXPh, PCH ,CCH), (6). Thermal 
ellipsoids are drawn with 30% probability boundaries. 


characteristic v(P—H) bands in IR absorption and one- 
bond P—H coupling in NMR spectra found in 1 disap- 
peared in 4—6 (Table 8). Both v(CO) and v(NO) in 
4—6 are significantly lower than those in 1, implying 
that substitution of methyl, allyl and propargy! for 
hydrogen in Ph, PH significantly enhances the o-donat- 
ing ability, or suppresses the t-accepting ability of the 
phosphine ligand. The two methylene protons of the 
phosphine ligands in 5 and 6 appear to be diastereotopic 
since no plane of symmetry bisecting these groups is 
possible in both complexes. Complex 6 is likely to be 
useful for construction of polynuclear metal complexes 
such as [Co(NOXCO\Ph,PCH ,CCH), [Co,(CO),]}, 
via ligation of the alkyne entities [14], or for synthesiz- 
ing organometallic polymers via polymerization of the 
alkyne entities [15]. Use of the two available 
diphenylphosphine for heterodinuclear complexes 
bridged by two phosphide ligands and phosphide- 
bridged heterotrinuclear complexes will be pursued in 
future. 


3.1. Crystal structure of Co(NO)MCO)MPh,PH), (D, 
Mn(NO)(CO),(Ph,PH), (3), Co(NOMCOMPh, PMe), 
(4), Co(NO)(COMPh,PCH,CHCH,), (5) and Co(NO)- 
(CO)Ph, PCH,CCH), (6) 


The orTEP drawings of 1, 3, 4, 5 and 6 are shown in 
Figs. 1, 2, 3, 4 and 5 respectively. Important interatomic 
distances and angles are listed in Table 7. The coordina- 
tion geometries of 1 and 4—6 are distorted tetrahedras 
about the cobalt center. There are two crystallographi- 
cally independent molecules, A and B, for 1. The two 
molecules have approximately similar structures except 
that the nitrosyl and the carbonyl ligands of molecule B 
are disordered owing to the presence of a twofold 
symmetry axis which passes the cobalt atom and bisects 
the angles P—Co—P and C—Co-N. Such a twofold axis 
also exists in 4 and renders the nitrosyl and the carbonyl 
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ligands disordered. In 5 the nitrogen atom of NO and 
the carbon atom of CO are disordered and both sites 
have 50% N and 50% C. The location of the NO ligand 
in other complexes was distinguished from that of the 
CO ligand by conspicuous discrepancies in the thermal 
parameters for the N and C atoms when incorrectly 
assigned [16]. Albano et al. [17] and Mingos and Ibers 
[18] suggested that, in tetrahedral Co, Pt and Ir com- 
plexes of general formula ML,L’,_, (L = CO or NO; 
L’ = tertiary phosphine), the good m-accepting abilities 
of NO and CO would result in non-bonding repulsions 
and cause the N-M-—C angle to deviate significantly 
from the ideal value of 109.48°. Indeed, 1 (124.2(4)°; 
18.3(4)°), 4 (123.5(1)°), 5 (118.2(4)°) and 6 (119.6(3)°) 
all have large N—Co—C angles, similar to that of 
Co(NOXCOXPPh,), (120.0(4)°) [17a]. The P—Co-P 
angles in Co(/(NOKCO)PPh,), (114.1(2)°) is larger than 
those in 1 (101.95(9)°; 96.9(1)°), 4 (99.63(4)°), 5 
(102.0(1)°) and 6 (100.87(8)°), apparently owing to the 
greater steric crowdedness of PPh,. The structure of 3 is 
similar to that of Mn(NOXCO),(PPh,), [19] which has 
a trigonal bipyramidal geometry with apical phosphine 
ligands and with NO in an equatorial position. The two 
carbonyls and the two phosphines are symmetry related 
owing to the presence of a twofold axis which is on the 
equatorial plane and bisects the angle spanned by the 
two carbonyls. The two phosphine ligands are slightly 
bent away from the NO group with a P~Mn—Pa angle 
of 175.18(8)°. Other relevant crystal data for 1 and 3-6 
appear to be normal. Neither carbonyl nor nitrosyl 
ligands deviate significantly from linearity. The metal—N 
distances lie in the range 1.57—2.03 A reported for 
metal nitrosyls, and the N-O distances (1.154(4)- 
1.17(1) A) compare well with other ,N-O distances 
ranging from 1.1 to 1.26 A [20]. The sp* carbon-carbon 
distance (average, 1.27(1) A) in the two allyl entities of 
5 and the sp carbon—carbon distance (average, 1.16(1) 
A) in the two propargyl entities of 6 are not “*oy 
The average Co-P distances in 1 (2.19(1) A), 
(2.2076(8) A), 5 (2.206(8) A) and 6 (2.20(1) A) are 
shorter than those in Co((NOXCO),(PPh) (2.224(3) A) 
and Co((NOXCOXPPh,), (2.224(3) A) [17a]. Complex 
3 also appears to have a shorter Mn—P distance (2.246(2) 
A) than Mn(NOXCO),(PPh,) (2.305(4) A) and 
Mn(NOXCO).(PPh,), (2.278(1) A) [21]. These obser- 
vations could be attributed to the larger cone angle of 
PPh,. 


4. Supplementary materials available 


All bond distances and angles (Table S1; 1, 2 pages; 
3, 1 page; 4, 1 page; 5, 2 pages; 6, 2 pages), anisotropic 
thermal parameters and isotropic thermal parameters 
(Table S2; 1, 2 pages; 3, 1 page; 4, 1 page; 5, 2 pages; 


6, 2 pages) and positional parameters for calculated 
hydrogen atoms (Table $3; 1, 1 page; 3, 1 page; 4, 1 
page; 5, 1 page; 6, 1 page), are available from the 
authors. 
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Abstract 


Twofold lithiation of the heteroannularly bridged aminophosphine 5 yielded a mixture of five isomeric aminodiphosphines 7a—7d and 
11, which were separated by adsorption chromatography. Their substitution pattern was elucidated by X-ray structure analyses and 
chemical correlation. Corresponding diphosphines 10a—10d were derived with moderate yields via acetates 8a—8d. A search for stable 
conformers of 7a—7d and 11 was conducted using empirical force field calculations. Calculated minimum-energy geometries were 


compared with crystal structures of 7a, 7¢ and 7d. 


Keywords: \|ron; Heteroannularly-bridged ferrocene; Diphosphine; X-ray structure; Circular dichroism 





1. Introduction 


Following the successful use of ferrocene derivatives 
as catalysts in asymmetric cross-coupling reactions, at- 
tention has focused on structural variations of 1-diphen- 
ylphosphino-2-(1-N, N-dimethylaminoethy])-ferrocene 
(2), which was originally employed by Kumada’s group 
[1]. Subsequently a second phosphino group was intro- 
duced at the unsubstituted cyclopentadiene ring to yield 
3 with an additional site for transition metal coordina- 
tion. Moreover, the ethylamino group was transformed 
into ethyl, methoxyethyl on acetoxyethyl, or into more 
complex ‘‘side arms’’ with additional heteroatoms to 
support a stereoselective coordination of the substrate at 
the transition metal. So far more than 200 ferrocenyl- 
based ligands have been designed in the quest for chiral 
catalysts for a variety of asymmetric reactions, includ- 
ing hydrogenation, hydrosilylation, cross-coupling reac- 
tions and aldol condensation [2]. Most of these catalysts 
were synthesized from N,N-dimethyl-1-ferrocenylethyl- 
amine (1) as a key intermediate [3], which permitted a 
highly diastereoselective access to planar-chiral deriva- 
tives via ortho-lithiation. An additional advantage is the 
availability of a convenient procedure for optical resolu- 
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tion of 1 via diastereomeric tartrates, permitting the 
facile preparation of optically active derivatives [4]. 

As it is generally accepted that the catalyst’s confor- 
mational stability favours high diastereoselectivity [5], 
we set out to synthesize homoannularly and heteroannu- 
larly bridged ferrocenes with phosphorus and nitrogen 
as coordination sites. Thus we recently prepared the 
homoannularly bridged compound 4 and tested its effi- 
ciency in asymmetric cross-coupling reactions [6]. In 
the preceding paper, we described the synthesis of 
aminomonophosphine 6, derived from the heteroannu- 
larly bridged ferrocene 5 [7]. Here we report the synthe- 
sis and chromatographic separation of five isomeric 
aminodiphosphines 7a—7d and 11 obtained by twofold 
lithiation of 5, and the elucidation of their substitution 
pattern and molecular conformation by both chemical 
and physical methods. 


2. Results and discussion 


Ortho-lithiation of 5 with n-BuLi exhibited high 
diastereoselectivity, similar as observed for the non- 
bridged aminoferrocene 1. In each case, quenching the 
reaction with electrophiles such as benzophenone [8] or 
chlorodiphenylphosphine [7] led to the predominant for- 
mation of a single diastereomer. Excess of n-BuLi- 
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N(CHs). 7a-d 
OCOCH, 8a-d 
OH 9a-d 


H 10a-d 
Scheme 1. 


TMEDA introduced a second Li atom at the opposite 
cyclopentadiene ring, resulting in up to four isomers, as 
a consequence of the non-equivalence of positions 2’—S’ 
(Scheme 1). Thin layer chromatography (TLC) analysis 
of the reaction mixture shows several well-separated 
spots, indicating that all four possible diastereomers are 
indeed produced and should be separable by chromato- 
graphic methods. Since the reaction products were ob- 
served to be stable towards oxidation, a conventional 
column chromatography on silica gel under gravity with 
ethylacetate—petroleum ether—triethylamine as eluent 
could be employed for preparative scale separation to 
yield the five diphosphine products in significant 
amounts. One diphosphine predominated and was iso- 
lated with 44% yield, well separated from four isomeric 
diphosphines which were obtained with low yields (2- 
7%). in addition some monophosphine 6 was also re- 
covered from the reaction mixture to give a total yield 
of approximately 100%. Four of the isomers could be 
obtained as orange to brown crystals. All of them were 
characterized by spectroscopic methods ('H, °C, *'P 
NMR and mass spectroscopy (MS)). 

In the preceding communication we demonstrated 
that the first lithiation step selectively forms the 2-lithio 
derivative [7], and there is undoubtful NMR evidence 
from homonuclear and heteronuclear shift correlation 


experiments that the second lithium atom is introduced 
into the opposite ring [9]. Thus four structures, 7a—7d, 
had to be assigned to four of the five isomers obtained. 

Contrary to benzoid compounds, the substitution pat- 
tern in ferrocenes cannot be deduced from the magni- 
tude of the coupling constants J,,, of ring protons since 
Jy is only 1-3 Hz and multiplets are not well re- 
solved. We therefore carried out crystal structure analy- 
ses on those compounds that yielded suitable crystals. 
This permitted unambiguous assignment of configura- 
tions 7a, 7¢ and 7d (see Figs. 3—5 later) to the diphos- 
phines isolated from fractions 2, 3 and 1 respectively. 

The decision as to which of the remaining two 
compounds (fractions 4 and 5) would be the isomer 7b 
was based on a combination of chemical correlation and 
spectroscopy. Transformation of amines 7a—7d into the 
corresponding hydrocarbons 10a—10d was performed 
by a two- or three-step sequence (see Scheme 1). The 
diphosphine of fraction 4 yielded a C,-symmetrical 
hydrocarbon, which is in agreement with structure 7b, 
while deamination of 7a (fraction 2) and diphosphine of 
fraction 5 afforded identical products (10a) as judged 
from ‘°C NMR spectroscopy. Consequently the amin- 
odiphosphine of fraction 5 was identified as 11 obvi- 
ously formed from the small amount of 5 lithiated at 
C(5). Characteristic properties relevant for the structural 
assignments are listed in Table 1. 

Since the optically active ligands [10] are of interest 
in view of their projected application in asymmetric 
catalysis, we prepared (S)-7a—7d and 11 from (—S)-5 
and recorded their CD spectra (Fig. 1). The short-wave- 
length range (250-400 nm) was found to be largely 
congruent, but distinct differences were observed in the 
range of the ‘‘ferrocene band’’ between 400 and 600 
nm. Compound, 7b—7d show positive Cotton effects of 
similar strength (A ¢ = 2.1—3.1); these were found to be 
diminished for 7a and 11. Moreover, for 7a the sign 
was inverted [11]. °"P NMR spectra were recorded of all 














Fig. 1. CD spectra of 7a ( ), 7b ( 
), and 11 (————), derived from (S)-5. 
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N(CHy)2 


Fe 
5 
‘4 “a ar 
(Re) 3 2 
‘PPh, 


(S)(Soms Png) 78 


isomers and showed a marked dependence of shift 
values from the substitution pattern. For 7a and 11 with 
direct opposition of diphenylphosphino groups an up- 


Table 2 


field shift of up to 9 ppm relative to 7b—7d is observed. 
Similar P—P coupling constants were found for 7a and 
11, but virtually no P—P coupling occurred in 7b—7d. 
We attribute this behavior to the nearly eclipsed confor- 
mation of cyclopentadienyl (Cp) rings in 7 (see below) 
which results in a perfect arrangement of phosphorus 
atoms for interaction either through space or with in- 
volvement of the iron atom. 

To expand the scope of this new class of ferro- 
cenyldiphosphines we also prepared acetates and hydro- 
carbons of 7. Acetates 8 were accessible with a good to 
excellent yield by refluxing the amines 7 with acetic 
anhydride. The hydrocarbons 10 were finally obtained 
with a moderate yield by reduction with AICI ,—LiAlH,. 


Atomic coordinates and equivalent isotropic displacement parameters for the non-hydrogen atoms in the crystal structure of 7a, where U(eq) is 
defined as one third of the trace of the orthogonalized U;, tensor and the atomic numbering is defined in Fig. 2 





x/a y/b 
(x 107*) (x 107*) 


z/c 
(x 1074) 





8622(1) 435(1) 
6924(1) —221(1) 
776X1) 25111) 
8068(2) — 1108(3) 
8481(2) —616(3) 
7807(2) — 480(3) 
7968(2) — 652(3) 
8711(2) — 90%3) 
9027(2) — 903(3) 
9056(2) 1431(3) 
8414(2) 1843(3) 
8516(2) 18103) 
9215(2) 1412(3) 
9553(2) 1207(3) 
8606(2) — 495(3) 
8577(2) 565(3) 
9157(2) 1224(3) 
8186(3) — 2113) 
80893) — 101714) 
635% 2) 1%3) 
6578(3) 693(3) 
6115(3) 958(4) 
54233) 5764) 
5192(3) — 86(4) 
5658(2) — 368(4) 
6632(2) — 1468(3) 
6352(2) — 1655(4) 
6155(3) — 259% 4) 
6234(3) — 3352(4) 
6496(3) —316%4) 
67003) — 2235(3) 
8241(2) 3698(3) 
8980(2) 3805(3) 
9311(3) 47103) 
8914(3) 55203) 
817%3) 5431(3) 
784X%3) 45263) 
6991(2) 279X3) 
6305(2) 25103) 
5688(3) 2764(4) 
57503) 33034) 
6431(3) 3593) 
704% 2) 33363) 


17971) 
164(1) 
226(1) 

— 1211G) 
663(4) 

1045(3) 

2193(4) 

2526(4) 

1584(4) 
965(4) 

1255(4) 

242% 4) 

2851(4) 

1960(4) 

— 483(3) 
— 873(4) 
— 181(4) 
— 894(4) 
— 2371(4) 

1182(4) 

202014) 

2707(4) 

2548(4) 

17104) 

1033(4) 

— 244(4) 
— 134%4) 
— 16905) 

—951(S) 

144(S) 
505(4) 
386(4) 
853(4) 
877(4) 
465(4) 

15(4) 

— 334) 
844(4) 
284(4) 
668(4) 

1611(4) 

2182(4) 

1812(4) 
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A one-step conversion of 8 to 10 succeeded in one case 
(10b), while 10a, 10c and 10d were only accessible 
after isolation of the intermediate alcohols 9a, 9c and 
9d and subsequent treatment with AICI,—LiAIH,. As 
expected, NMR spectroscopy revealed C, symmetry 
(10b and 10c) for two of them, but C, or C, symmetry 
for 10a and 10d respectively. 


2.1. Force field calculations and crystal structure deter- 
minations 


In order to get insight into stability and minimum-en- 
ergy conformations of aminodiphosphines, force field 


Table 3 


Coordinates and displacement parameters for the crystal structure of 7c 


calculations were conducted for all aminophosphines 
using the program PCMODEL [12] and minimum geome- 
tries were compared with X-ray structural analyses of 
7a, 7¢ and 7d (Tables 2-5). All crystal structures show 
similar general shape with same conformation of the C, 
bridge (Figs. 2-5). Minor differences arising from dif- 
ferent substitution pattern are listed in Table 6. Since 
the torsional angle of Cp rings is determined by the 
conformation of the C, bridge which is stabilized in the 
out-of-plane conformation (Fig. 6A) obviously caused 
by steric interaction with the PPh, group adjacent at 
Cp(1) in all cases similar torsional angles (5.3—6.2°) are 
found. The same is true for the tilt angle of the Cp 





x/a y/b 
(x 107*) (x 107*) 


z/ce U., 
(x 107*) (x 107? A?) 





2763(1) 4265(1) 

4266(1) 1864(1) 

— 2701) 6821(1) 
67402) 
4813) 
4312(2) 
3741(2) 
3898(3) 
4583(3) 
212%3) 
15163) 
732(3) 
8103) 
1662(3) 
545X3) 
4446(3) 
3165(3) 
77143) 
74603) 
5923) 
67263) 
79173) 
8322(3) 
75443) 
633X%3) 
3068(3) 
348103) 
25123) 
1101(3) 
6743) 
1647(3) 
594(3) 
1471(3) 
19743) 
1582(3) 
702(3) 
21103) 
— 1830(3) 
— 22723) 
— 36743) 
— 465 1(3) 
— 4228(3) 
— 282%3) 


762101) 18(1) 
6600(1) 1%1) 
761801) 2101) 
793001) 26(1) 
75862) 21(1) 
6834(2) 1%1) 
635S(2) 2001) 
67832) 2X1) 
75202) 22(1) 
8826(2) 24(1) 
8190(2) 24(1) 
7718(2) 231) 
8071(2) 2101) 
8764(2) 21) 
8315(2) 2X1) 
8885(2) 26(1) 
9387(2) 26(1) 
74372) 35(1) 
8588(2) 3701) 
5896(2) 2101) 
5450(2) 231) 
4880(2) 2701) 
475X2) 3101) 
5208(2) 36(1) 
57702) 2%1) 
5767(2) 211) 
4878(2) 21) 
428%(2) 321) 
4584(2) 2%1) 
545X%2) 28(1) 
6044(2) 24(1) 
8242(2) 22(1) 
7782) 231) 
8215(2) 271) 
910%2) 301) 
9572) 28(1) 
9142(2) 24(1) 
81592) 21) 
8771(2) 2701) 
9107(2) 32(1) 
8845(2) 35(1) 
823%2) 3X1) 
78902) 3X1) 
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Table 4 
Coordinates and displacement parameters for the crystal structure of 7d 


x/a y/b z/c U., 
(x 1074) (x 10~*) (x 107*) (x 107? A?) 


Fe(1) 3571(1) 7265(1) 1296(1) 1%1) 
P(1) 5118(1) 6305(1) 3606(1) 2101) 
P(2) 211(1) 8367(1) — 125(1) 22(1) 
N(1) 2243(3) 8417(2) 3863(2) 25(1) 
CU) 3162(3) 8145(2) 22802) 20(1) 
C2) 4688(3) 7384(2) 247H(2) 20(1) 
C(3) 56263) 7617(2) 1602(2) 22(1) 
O14) 4725(3) 8501(2) 890(2) 2X1) 
C5) 3233(3) 88292) 1314(2) 2X1) 
c(i) 1612(3) 6701(2) 1567(2) 22(1) 
(12) 296%3) 5826(2) 1787(2) 241) 
c(13) 3912(3) 5838(2) 920(2) 24(1) 
c(14) 31303) 6691(2) 14%(2) 23(1) 
C15) 1698(3) 722XK(2) 534(2) 22(1) 
(21) 1748(3) 8234(2) 2958(2) 231) 
(22) 10193) 7245(2) 3186(2) 26(1) 
(23) 380(3) 7061(2) 2280(2) 24(1) 
(31) 286%3) 9383(2) 3646(2) 301) 
(32) 960(4) 8543(3) 45732) 31) 
C(41) 5718(3) 6961(2) 4456(2) 22(1) 
(42) 6637(3) 7706(2) 4192(2) 26(1) 
(43) 70203) 817%(2) 4881(2) 31(1) 
(44) 6530(3) 7885(2) 5841(2) 35(1) 
C(45) 564%4) 7131(2) 6118(2) 35(1) 
(46) 5224(3) 6681(2) 5428(2) 3001) 
C(S1) 7041(3) 5480(2) 3340(2) 22(1) 
(52) 8198(3) 5044(2) 4067(2) 28(1) 
O(S3) 9596(3) 4336(2) 3912(2) 3001) 
O(54) 9868(3) 4053(2) 3026(2) 32(1) 
O55) 8713(3) 4463(2) 2306(2) 32(1) 
C(S6) 73133) 5156(2) 24702) 28(1) 
C(61) 1302(3) 8796(2) — 1264(2) 24(1) 
(62) 1471(3) 8321(2) — 2042(2) 3001) 
C(63) 2384(3) 8643) — 2853(2) 3701) 
C(64) 3160(3) 9452(3) — 2897(2) 3701) 
C(65) 2998(3) 993X%(2) — 2128(2) 34(1) 
C(66) 2073(3) 9617(2) — 1326(2) 2% 1) 
(71) — 1086(3) 7657(2) — $12(2) 2X1) 
(72) — 2260(3) 8261(2) — 1200(2) 28(1) 
(73) — 3312(3) 7778(2) — 1495(2) 301) 
(74) — 3213) 669%(2) — 11212) 2X1) 
(75) — 208%3) 6096(2) — 422(2) 2%1) 
(76) — 1031(3) 6577(2) — 1192) 26(1) 











Table 5 
Selected parameters from crystal structure analyses and calculated minimum geometries (in parentheses) * 


7a Tc 7d 


P(1)—N (A) 3.249 (3.323) 3.503 (3.425) 3.365 (3.383) 
P(1)—P(2) (A) 4.075 (3.741) 
Cp(1)—Cp(2) torsional angle (°) 6.1 (3.6) 6.2 (4.5) 5.3 (2.9) 
Cp(1)—Cp(2) tilt angle (°) 13.0 (19.1) 9.4 (16.5) 11.5 (15.9) 
Deviation from best Cp plane ° 
©(21)-Cp(1) (A) — 0.044 —0.070 — 0.020 
P(1)—Cp(1) (A) 0.148 —0.093 — 0.089 
©(23)—Cp(2) (A) —0.157 —0.164 —0.135 
P(2)—Cp(2) (A) 0.429 — 0.066 0.047 











* See [11]; labeling scheme as given in Fig. 2. 
Positive values refer to deviations distal to iron, while negative values refer to deviations proximal to iron. 
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Fig. 2. The crystal structure of 7a, together with the atom numbering 
used for the description of the crystal structures. 


Fig. 3. Crystal structure of racemic 7a (fraction 2; (S)-enantiomer 
shown). Hydrogen atoms have been omitted for clarity. 


planes which range from 9.4 to 13.0°. Noticeable devia- 
tions from ideal geometry are observed for C(21) and 
C(23) which are shifted towards iron and for the phos- 
phorus atoms in 7a which are shifted to the distal side 
of the Cp planes. 

Force field calculations were conducted for all amin- 
odiphosphines in two conformations A and B which are 
interconvertible by a flip of the C, bridge (Fig. 6). 


Table 6 
MMxX calculations for conformers of 7a—7d and 11 


7a 7b 7c il 


DE in ow * (kd) 30.7 28.3 33.3 30.6 25.3 
(Bag our Ey our) ” (kd) 0 9.7 9.6 44 13 


* Energy difference of conformers with dimethylamino substituent either in plane or out of plane of Cp(1); see Fig. 6. 
° Energy differences arising from substitution pattern are calculated for the ‘‘out-of-plane’’ conformation (Fig. 6A); 7a with highest energy was 
arbitrarily set equal to zero. 
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Energy differences between A and B are similar for 
7a—7d and 11 and high enough to exclude the popula- 
tion of B in detectable amounts. Only in the case of 11 
was a somewhat smaller energy difference calculated 
which reflects a less pronounced steric interaction be- 
tween PPh, and N(CH,),. Energy differences arising 
from different substitution pattern are as expected for 
varying steric repulsions. So 7a shows highest energy 
since it receives steric strain of two PPh, groups adja- 
cent to the carbon bridge and directly opposed to each 
other. In contrast with this, 7b and 7c with a single 

CHN(CH,), contact show consider- 
ably lower energy. Good agreement with the crystal 
structures was found for torsional angles and tilt angles; 
in particular, trends are reproduced satisfactorily al- 
though tilt angles tend to be too large. 


3. Conclusions 


Our findings clearly demonstrate that dilithiation in 
ferrocenes takes place at the second Cp ring preferred 
opposite to the first Li atom. We believe that this 
arrangement is stabilized via lithium associates, possi- 
bly with participation of TMEDA since for the dilithio 
derivative of the non-bridged aminoferrocene 1 a corre- 
sponding structure was confirmed by X-ray analysis 
[13]. As a consequence of this, kinetic control favors the 
formation of 7a despite of its significantly higher en- 
ergy compared with isomers 7b—7d. Compound 7a is 
expected to function as a bidentate ligand in transition 
metal complexes, with either P—P or P—N coordination. 
The corresponding complexes will be tested for their 
efficiency in asymmetric catalysis. 


4. Experimental part 


The 'H, °C and *'P NMR (proton-decoupled) spec- 
tra were recorded in CDCI, on a Bruker AM-400 
spectrometer at 400, 100 and 162 MHz respectively. 
Chemical shifts 5 are given relative to tetramethylsilane 
(TMS) as internal standard ('H and °C NMR) and 
relative to 85% H,PO, (*'P NMR). °C NMR spectra 
were recorded in a J-modulated mode; J refers to 
phosphorus—carbon coupling constants. In spectral areas 
with extensive signal overlapping, multiplets could not 
be identified; these signals of unclear relationship are 
underlined, ignoring probable multiplet structures. Mass 
spectra were recorded on a Varian MAT-CH7. Optical 
rotations were measured with a Perkin—Elmer polarime- 
ter 241 in CHCl, at 20°C (thermostated). CD spectra 
were recorded on a dichrograph CD 6 (Jobin—Yvon) 
(CH,Cl, at 20°C) and UV spectra were recorded on a 
Perkin—Elmer Lambda 7 spectrometer (CH ,Cl,). Melt- 
ing points were determined on a Kofler melting-point 


apparatus and are uncorrected. Elemental analyses were 
carried out at Mikroanalytisches Laboratorium der Uni- 
versitat Wien (J. Theiner). Diethyl ether and benzene 
were distilled from LiAlH, prior to use; chlorodiphen- 
ylphosphine (Aldrich) was distilled and stored under Ar. 
All the other chemicals were of analytical grade and 
used as purchased. 


4.1. (+)-1,1'-(1-N,N-Dimethylaminopropane-1,3-diyl- 
ferrocene (5) 


This was prepared according to literature procedures 
[14]. The optical resolution of 5 was performed via 
fractional crystallization of the diastereomeric tartrates 
[15]. 


4.2. Isomeric bis(diphenylphosphino)-1,1'-(1-N,N-di- 
methylaminopropane-1,3-diyl)ferrocenes (7a-—7d and 
11) and 2-diphenylphosphino-1,1'-(1-N,N-dimethyl- 
aminopropane-1,3-diyl)-ferrocene (6) 


The reaction was carried out in 100 ml Schlenk tubes 
under Ar. 1.00 g (3.71 mmol) of 5 was dissolved in 25 
ml of absolute diethyl ether. The solution was degassed 
and 2.7 ml of a 1.6 N solution of n-BuLi in hexane 
(4.32 mmol) was added dropwise. After stirring for 3 h 
at room temperature, 1.35 ml (9.0 mmol) of 
N,N,N',N'-tetramethylethylenediamine and 8.1 ml of 
n-BuLi in hexane (13.0 mmol) were added in portions. 
The mixture was stirred at room temperature for 20 h. 
The dark-red solution was cooled to — 78°C, and 3.65 
ml (19.8 mmol) of chlorodiphenylphosphine was added. 
After warming to room temperature the mixture was 
refluxed for 1 h. The reaction was quenched by careful 
addition of 10 ml of Na,CO, solution (10%). The 
organic layer was separated and the aqueous layer was 
extracted twice with 10 ml of diethyl ether. The com- 
bined extracts were dried with MgSO, and the solvent 
was removed in vacuo to give 3.8 g of a red wax. The 
crude mixture was chromatographed on silica gel (40—63 
pm; column, 3 X 90 cm) using petroleum ether: ethyl- 
acetate : triethylamine (75:24.5:0.5) for packing. Elu- 
tion with a solvent gradient petroleum ether: ethyl- 
acetate : triethylamine (75 : 24.7: 0.3 — 65 : 34.8: 0.2) 
afforded the following fractions (in the order of elution). 


4.2.1. Fraction 1: (+)-2,5'-bis(diphenylphosphino)-1,I'- 
(1-N,N-dimethylaminopropane-1,3-diyl)-ferrocene (7d) 
Yield, 161 mg (6.8%); melting point (m.p.), above 
170°C (decomposition). 'H NMR: 6 1.86 (6H, s), 2.35 
(1H, br. t, J = 12 Hz), 2.43 (2H, m), 2.67 (1H, br. d, 
J = 10.6 Hz), 2.98 (1H, br. q, J = 12 Hz), 3.34 (1H, s), 
3.59 (1H, br.s), 3.75 (1H, m), 3.84 (1H, m), 4.43 (1H, 
br.s), 4.67 (1H, br.s), 7.15-7.36 (16H, m), 7.36-7.46 
(4H, m) ppm. °C NMR: 6 23.63 (CH,, d, J = 11.7 
Hz), 38.39 (CH, d, J = 9.1 Hz), 44.34 (CH,, s), 66.23 
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(CH, s), 69.89 (CH, s), 71.35 (CH, s), 71.91 (CH, d, 
J =4 Hz), 73.93 (CH, d, J = 4 Hz), 74.88 (CH, m), 
75.83 (C, d, J = 12 Hz), 78.28 (C, d, J = 3 Hz), 79.63 
(CH, m), 92.18 (C, d, J =20.2 Hz), 93.56 (C, d, 
J = 22.1 Hz), 127.57 (CH, d, J = 7.5 Hz), 127.72 (CH, 
d, J = 6.8 Hz), 127.76 (CH, s), 127.96 (CH, s), 128.06 
(CH, d, J = 7.6 Hz), 128.20 (CH, d, J = 7 Hz), 128.23 
(CH, s), 128.93 (CH, s), 132.26 (CH, d, J = 18 Hz), 
133.42 (CH, d, J = 20 Hz), 134.30 (CH, d, J = 20 Hz), 
134.59 (CH, d, J = 20 Hz), 137.00 (C, d, J = 10 Hz), 
138.70 (C, d, J = 12 Hz), 139.21 (C, d, J = 16 Hz), 
139.30 (C, d, J=17 Hz) ppm. *P NMR: & —22.09 
(s), —21.79 (s) ppm. MS (250°C): m/z (relative %) 
638 M + (100), 623 (49), 594 (23), 560 (12), 515 (5S), 
452 (25), 408 (34), 331 (44), 329 (25), 319 (52). UV 
(c = 6.04 X 10°? and 1.2 x 10~* mol™'): A,,, (2) 255 
(22 100), 437 (257) nm. Anal. Found: C, 73.02; H, 5.85; 
N, 2.31; P, 9.52; CyH,,FeNP, cale.: C, 73.48; H, 5.85; 
N, 2.20; P, 9.72%. When the reaction was carried out 
with (—\S)-5, (—MS_.MS,,,XS,,.)-7d was obtained: 
[ a2? = — 208° (c = 0.385). 


4.2.2. Fraction 2: ( +)-2,2'-bis(diphenylphosphino)-1,1'- 
(1-N,N-dimethylaminopropane-1,3-diyl) ferrocene (7a) 

Yield, 1034 mg (43.6%); m.p., above 172°C (decom- 
position). 'H NMR: 6 1.61 (6H, s), 1.74 (1H, br. t, 
J = 14 Hz), 1.93 (1H, br. d, J = 14.9 Hz), 2.22 (1H, br. 
d, J = 13.5 Hz), 2.33 (1H, br. d, J = 11.1 Hz), 3.37 
(1H, br. q, J = 13 Hz), 4.07 (1H, br.s), 4.14 (2H, br.s), 
4.22 (1H, t, J = 2.5 Hz), 4.26 (1H, t, J = 2.5 Hz), 4.28 
(1H, br.s), 6.84 (2H, t, J = 7.5 Hz), 7.06 (3H, m), 7.21 
(7H, m), 7.33 (2H, t, J = 7.5 Hz), 7.43 (6H, m) ppm. 
‘°C NMR: 6 25.95 (CH,, s), 38.76 (CH, t, J =8.2 
Hz), 43.95 (CH,, s), 66.87 (CH, s), 67.51 (CH, s), 
68.44 (CH, s), 73.13 (CH, d, J = 5.4 Hz), 73.73 (CH, 
br. d, J = 3.1 Hz), 73.85 (CH, s), 74.33 (CH, s), 78.05 
(C, d, J = 18.4 Hz), 80.45 (C, d, J = 12.7 Hz), 91.73 
(C, dd, J = 8.2, 1.9 Hz), 92.14 (C, dd, J = 15.1, 3.7 
Hz), 126.36 (CH, s), 127.21 (CH, d, J=3.7 Hz), 
127.35 (CH, d, J = 7.6 Hz), 127.74 (CH, d, J=6.8 
Hz), 127.78 (CH, s), 128.11 (CH, d, J=7.6 Hz), 
128.24 (CH, s), 128.65 (CH, s), 133.08 (CH, dd, J = 
13.7, 3.8 Hz), 133.29 (CH, dd, J = 19.8, 2.3 Hz), 
134.98 (CH, dd, J = 19.9, 3.0 Hz), 135.73 (CH, dd, 
J = 20.6, 2.3 Hz), 137.98 (C, d, J = 11 Hz), 139.99 (C, 
d, J = 15 Hz), 140.40 (C, d, J = 12 Hz), 140.67 (C, d, 
J =10 Hz) ppm. “P NMR: 6 —24.30 (d, J = 43.5 
Hz), — 24.77 (d, J = 43.9 Hz) ppm. MS (200°C): m/z 
(relative %) 638 M + (60), 595 (13), 560 (5S), 517 (13), 
453 (14), 409 (29), 408 (27), 331 (49). UV (¢ = 1.72 x 
10~? and 3.4 x 10~* moll~'): A,,,,() 255 sh (24 100), 
447 (425) nm. Anal. Found: C, 73.02; H, 5.83; N, 2.13; 
P, 9.77. CyH;,FeNP, Calc.: C, 73.48; H, 5.85; N, 
2.20; P, 9.72%. When the reaction was carried out with 
(—\S)-5, (—S_MS,,,4R,,2)-7a was obtained: [ a]? 
= —235° (c = 0.109). 


4.2.3. Fraction 3: ( +)-2,4'-bis(diphenylphosphino)-1,I'- 
(1-N,N-dimethylaminopropane-1,3-diyl) ferrocene (7c) 

Yield, 113 mg (4.8%); m.p., 194—198°C (decomposi- 
tion). 'H NMR: 6 1.78 (6H, s), 1.85 (1H, br. t, J = 14 
Hz), 2.38 (2H, br. d, J = 9 Hz), 2.63 (1H, br. d, J = 15 
Hz), 2.91 (1H, br. q, J = 13 Hz), 3.53 (1H, br.s), 3.56 
(1H, br.s), 4.11 (1H, t, J = 1.5 Hz), 4.13 (1H, m), 4.17 
(1H, t, J = 2.3 Hz), 4.56 (1H, br.s), 7.14—7.38 (20H, 
m) ppm. °C NMR: 6 25.55 (CH,, s), 38.23 (CH,, d, 
J =9.4 Hz), 44.26 (CH,, s), 66.31 (CH, d, J = 2 Hz), 
73.00 (CH, d, J = 2.9 Hz), 74.56 (CH, dd, J = 6.3, 3 
Hz), 74.84 (CH, d, J = 4.8 Hz), 74.99 (CH, d, J = 4.5 
Hz), 75.08 (CH, d, J = 10.3 Hz), 76.00 (C, d, J = 6.8 
Hz), 76.28 (C, d, J = 14.3 Hz), 76.40 (CH, d, J = 19.5 
Hz), 91.50 (C, d, J = 4.8 Hz), 91.87 (C, m), 127.53 
(CH, d, J=7.3 Hz), 127.64 (CH, d, J=6.3 Hz), 
127.74 (CH, s), 127.84 (CH, d, J =6.7 Hz), 128.07 
(CH, d, J = 6.8 Hz), 128.12 (CH, s), 128.22 (CH, s), 
128.33 (CH, s), 133.05 (CH, d, J =19 Hz), 133.19 
(CH, d, J = 19 Hz), 133.47 (CH, d, J = 20 Hz), 133.91 
(CH, d, J = 19 Hz), 138.55 (C, d, J = 11.4 Hz), 138.65 
(C, d, J = 8 Hz), 139.10 (C, d, J = 9.8 Hz), 139.27 (C, 
d, J = 8.5 Hz) ppm. *'P NMR: & — 16.68 (s), —21.61 
(s) ppm. MS (240°C); m/z (relative %) 638 M + (83), 
594 (23), 593 (22), 409 (31), 408 (42), 407 (21), 331 
(39). UV (c = 1.81 x 10°? and 3.63 x 10~* moll~'): 
Amaxt£) 253 (24200), 437 (398) nm. Anal. Found: C, 
73.16; H, 6.09; N, 2.04; P, 9.77. CywH,,FeNP, Cale.: 
C, 73.48; H, 5.85; N, 2.20; P, 9.72%. When the reaction 
was carried out with (— S)-5 the (— XS_XS,,, XS,,2)-Te 
was obtained: [a]? = —47° (c = 0.116). 


4.2.4. Fraction 4: ( +)-2,3'-bis(diphenylphosphino)-1,I'- 
(1-N,N-dimethylaminopropane-1,3-diy) ferrocene (7b) 
Yield, 150 mg (6.3%); m.p., above 145°C (decom- 
position). 'H NMR: 6 1.79 (6H, s), 1.94 (1H, br. t, 
J = 14 Hz), 2.37 (1H, br. d, J = 13 Hz), 2.42 CAH, br. 
d, J = 12 Hz), 2.64 (1H, br. d, J = 14 Hz), 3.26 (1H, 
br. q, J = 14 Hz), 3.46 (1H, m), 3.76 (1H, t, J =2.5 
Hz), 3.85 (1H, br.s), 4.08 (1H, br.s), 4.23 (1H, br.s), 
4.60 (1H, br.s), 7.03 (2H, m), 7.10 (2H, m), 7.18 (2H, 
m), 7.22 (7H, m), 7.28 (2H, m), 7.36 (1H, m), 7.44 (2H, 
br.t, J = 7.5 Hz), 7.65 (2H, br.t, J = 7.5 Hz) ppm. °C 
NMR: 6 25.74 (CH,, s), 38.64 (CH,, d, J = 13.6 Hz), 
44.26 (CH,, s), 66.81 (CH, d, J = 2 Hz), 69.03 (CH, s), 
69.74 (CH, d, J=5 Hz), 74.37 (CH, d, J =4 Hz), 
74.65 (CH, s), 76.73 (CH, s), ~ 77.38 (CH), 78.48 (C, 
d, J = 17 Hz), 79.67 (C, d, J = 15 Hz), 90.56 (C, dd, 
J = 17.7, 2.5 Hz), 91.70 (C, d, J=9 Hz), 
127.45, 127.47, 127.51, 127.52, 127.58, 127.60 (4 x 
CH), 127.92 (CH, d, J=5.4 Hz), 128.26 (CH, s), 
128.36 (CH, s), 128.58 (CH, dd, J =7.0, 2.4 Hz), 
132.20 (CH, d, J = 18 Hz), 133.46 (CH, d, J = 20 Hz), 
134.12 (CH, d, J = 20 Hz), 135.22 (CH, dd, J = 20, 
4.5 Hz), 137.86 (C, d, J = 9 Hz), 138.67 (C, d, J = 12 
Hz), 139.93 (C, d, J = 8 Hz), 140.80 (C, d, J = 13 Hz) 
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ppm. *'P NMR: & —20.10(s), — 21.70 (s). MS (240°C): 
m/z (relative %) 638 M+ (100), 594 (28), 593 (31), 
592 (30), 560 (4), 517 (7), 452 (7), 409 (27), 408 (25), 
407 (14), 331 (20), UV (c = 1.76 x 107? and 3.51 x 
10-* moll~'): A,,,(€) 255 (23900), 453 (327) nm. 
Anal. Found: C, 73.18; H, 5.96; N, 1.97; P, 9.94. 
C,,H,,FeNP, Calc.: C, 73.48; H, 5.85; N, 2.20; P, 
9.72%. When the reaction was carried out with (— (S)- 
5, (+X S.S,,,{ R_2)-7b was obtained: [a]? = + 446° 
(c = 0.0224). 


4.2.5. Fraction 5: (+)-5,5'-bis(diphenylphosphino)-1,1'- 
(1-N,N-dimethylaminopropane-1,3-diyl)ferrocene (11) 

Yield, 50 mg (2.1%); oil. 'H NMR: 6 1.85 (6H, s), 
2.03 (1H, m), 2.13 (1H, m), 2.16 (1H, m), 2.48 (1H, m), 
3.18 (1H, br. s), 3.94 (1H, br.s), 4.13 (1H, br.s), 4.31 
(1H, t, J = 2.5 Hz), 4.36 (1H, t, J = 2.5 Hz), 4.37 (1H, 
br.s), 4.54 (1H, br.s), 6.95 (2H, td, J=7, 2 Hz), 
7.00-7.61 (16H, m), 7.71 (2H, m) ppm. °C NMR: 6 
23.05 (CH, s), 38.82 (CH,, s), 43.58 (CH, s), 60.96 
(CH, d, J =7.2 Hz), 69.12 (CH, s), 69.62 (CH, s), 
70.88 (CH, s), 71.08 (CH, br.s), 72.58 (2 x CH, br.s), 
79.37 (C, d, J=12 Hz), 82.67 (C, d, J=10 Hz), 
~ 87.3 (C, m), 90.42 (C, d, J = 15 Hz), 127.50 (CH, d, 
J =7.4 Hz), 127.60 (CH, s), 127.78 (CH, d, J =7.4 
Hz), 128.04, 128.11, 128.17, 128.41, 128.67 (5 x CH), 
133.10 (CH, d, J = 20 Hz), 133.80 (CH, dd, J = 17, 
2.5 Hz), 134.66 (CH, d, J = 22 Hz), 135.05 (CH, d, 
J = 20 Hz), 137.64 (C, m), 139.36 (C, d, J = 13 Hz), 
140.17 (C, d, J = 14 Hz) ppm. *'P NMR: 8 —25.01 (d, 
J =48.4 Hz), —26.48 (d, J=48.4 Hz) ppm. MS 
(200°C): m/z (relative %) 638 M + (9), 623 (7), 560 
(3), 452 (4), 386 (10), 331 (7). UV (c = 1.59 x 107? 
and 3.2 X 10~* moll~'): [A...()] 253 sh (19500), 451 
(308) nm. 

When the reaction was carried out with (—)S)-5, 
(+) (S.XR,,4S,2)-11 was obtained: [a]? = +60° 
(c = 0.101). 





max 


4.2.6. Fraction 6: (+)-2-diphenylphosphino-1,I'-(1- 
N,N-dimethylaminopropane-1,3-diyl) ferrocene (6) 

Yield, 334 mg (19.8%); m.p., 168-—172°C; spectral 
properties were found to be identical with those of an 
authentic sample. 


4.3. Bis(diphenylphosphino)-1,I'-(1-acetoxypropane- 
1,3-diyl) ferrocenes (8a—8d) from corresponding bis(di- 
phenylphosphino)-1,I'-(1-N,N-dimethylaminopropane- 
1,3-diyl)-ferrocenes (7a—7d) (general procedure) 


The aminodiphosphine 7 and freshly distilled acetic 
anhydride were mixed in a small Schlenk tube, de- 
gassed and heated to about 100°C. During the course of 
the reaction, the amine dissolved. After completion of 
the reaction (TLC) the excess of anhydride was re- 
moved in vacuo and the residue was chromatographed 


on a short column (silica gel; 1 X 20 cm) with petroleum 
ether: ethylacetate (75:25). Different reaction condi- 
tions were applied to isomers 7a—7d as specified below: 


4.3.1. (+)-2,2'-Bis(diphenylphosphino)-1,I'-(1-acetoxy- 
propane-1,3-diyl)ferrocene (8a) 

450 mg (0.70 mmol) of 7a were heated to 100°C for 
2 h; yield, 430 mg (94%). 'H NMR: 6 1.06 (3H, s), 
1.89 (2H, m), 2.01 (1H, m), 3.74 (1H, m), 3.94 (2H, 
br.s), 4.13 (1H, t, J = 2 Hz), 4.32 (1H, t, J = 2.4 Hz), 
4.37 (1H, br.s), 4.51 (1H, br.s), 5.35 (1H, br.d, J = 9.8 
Hz), 7.00 (2H, t, J =7.3 Hz), 7.04—7.30 (14H, m), 
7.38-7.49 (4H, m) ppm. °C NMR: 6 19.73 (CH,, s), 
24.71 (CH,, s), 40.58 (CH,, dd, J =9.1, 7.6 Hz), 
67.36 (CH, s), 69.42 (CH, s), 73.47 (CH, s), 73.70 (CH, 
d, J =3.8 Hz), 73.83 (CH, d, J=3.8 Hz), ~ 74.11 
(2 x CH, m), 80.33 (C, dd, J = 18.3, 2 Hz), 80.46 (C, 
d, J = 13.8 Hz), 84.09 (C, d, J = 16.8 Hz), 91.60 (C, d, 
J = 11.4 Hz), 127.76 (CH, d, J = 6.9 Hz), 127.77 (CH, 
s), 127.81 (CH, d, J = 6.8 Hz), 128.05 (CH, d, J = 6.8 
Hz), 128.09 (CH, s), 128.22 (CH, s), 128.33 (CH, d, 
J =7.7 Hz), 128.78 (CH, s), 132.95 (CH, d, J = 19.9 
Hz), 133.98 (CH, d, J = 22.1 Hz), 134.30 (CH, d, 
J = 19.8 Hz), 134.83 (CH, dd, J = 18.3, 3.1 Hz), 137.59 
(C, d, J = 13 Hz), 137.99 (C, d, J = 14.5 Hz), 138.53 
(C, d, J = 15.2 Hz), 140.90 (C, d, J = 12.2 Hz), 170.75 
(C, s) ppm. *““P NMR: 5 —23.45 (d, J = 41.0 Hz), 
— 26.59 (d, J = 41.0 Hz) ppm. MS (240°C): m/z (rela- 
tive %) 653 M+ (100), 610 (11), 593 (5), 575 (15), 
515 (11), 467 (15), 424 (18), 407 (41). 


4.3.2. (+)-2,3'-Bis(diphenylphosphino)-1,1I'-(1-acetoxy- 
propane-1,3-diyl) ferrocene (8b) 

245 mg (0.38 mmol) of 7b were heated to 100°C for 
2 h; yield, 187 mg (73%). 'H NMR: 6 1.14 (3H, s), 
2.17 (2H, m), 2.63 (1H, br.d, J = 14.7 Hz), 3.56 (3H, 
m), 3.76 (1H, t, J = 2.4 Hz), 4.36 (2H, s), 4.75 (1H, s), 
5.32 (1H, dd, J = 11.3, 2.9 Hz), 6.93 (2H, t, J =6.9 
Hz), 7.08—7.19 (6H, m), 7.20—7.30 (7H, m), 7.41-—7.53 
(3H, m), 7.60 (2H, td, J = 7.9, 1.5 Hz) ppm. ‘°C NMR: 
5 19.87 (CH,, s), 24.38 (CH,, s), 40.17 (CH,, d, 
J = 13 Hz), 69.79 (CH, s), 69.94 (CH, d, J = 5.4 Hz), 
73.47 (CH, s), 73.82 (CH, d, J = 3.8 Hz), 74.54 (CH, 
s), 76.95 (CH, m), 78.39 (CH, dd, J = 32.9, 5 Hz), 
79.36 (C, d, J= 16 Hz), 79.75 (C, d, J=14.5 Hz), 
84.41 (C, d, J = 16.8 Hz), 91.33 (C, d, J = 6.9 Hz), 
127.47 (CH, s), 127.58 (CH, d, J = 7.4 Hz), 127.92 
(CH, s), 127.94 (CH, d, J = 5.3 Hz), 128.07 (CH, d, 
J =6.9 Hz), 128.47 (CH, s), 128.68 (CH, dd, J = 7.6, 
2.2 Hz), 128.95 (CH, s), 131.98 (CH, d, J = 17.6 Hz), 
132.75 (CH, d, J = 19.8 Hz), 134.21 (CH, d, J = 20.6 
Hz), 135.70 (CH, dd, J = 20.6, 3.8 Hz), 136.29 (C, d, 
J =9.9 Hz), 138.30 (C, d, J = 10.4 Hz), 140.00 (C, d, 
J =9.9 Hz), 140.71 (C, d, J = 13 Hz), 170.19 (C, s) 
ppm. *'P NMR: 6 —19.92 (s), —20.92 (s) ppm. MS 
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(240°C): m/z (relative %) 653 M+ (100), 610 (14), 
595 (3), 576 (1), 515 (2), 467 (4), 424 (24), 407 (12). 


4.3.3. (+)-2,4'-Bis(diphenylphosphino)-1,I'-(1-acetoxy- 
propane-1,3-diy) ferrocene (8c) 

122 mg (0.19 mmol) of 7¢ were heated to 100°C for 
2 h; yield, 85 mg (68%). 'H NMR: 6 1.14 (3H, s), 2.05 
(1H, br. t, J = 14 Hz), 2.23 (1H, m), 2.62 (1H, br. d, 
J = 14.7 Hz), 3.27 (1H, br. q, J = 13 Hz), 3.33 (1H, 
br.s), 3.70 (1H, br.s), 4.20 (2H, m), 4.40 (1H, m), 4.72 
(1H, br.s), 5.27 (1H, dd, J = 11.3, 3.3 Hz), 7.12-—7.34 
(20H, m) ppm. °C NMR: 6 19.83 (CH,, s), 24.34 
(CH,, s), 39.61 (CH,, d, J = 10.7 Hz), 73.22 (CH, s), 
73.88 (CH, d, J = 3.0 Hz), 74.64 (CH, d, J = 3.8 Hz), 
74.73 (CH, d, J = 3.8 Hz), 75.02 (CH, d, J = 12.2 Hz), 
75.13 (CH, dd, J = 7, 3 Hz), 76.38 (CH, d, J = 18.2 
Hz), 76.50 (C, d, J = 7 Hz), 77.41 (C, d, J = 13.7 Hz), 
85.17 (C, d, J = 18.2 Hz), 91.31 (C, d, J = 4.6 Hz), 
127.83 (CH, d, J = 6.8 Hz), 127.93 (CH, d, J =68 
Hz), 128.08 (CH, s), 128.11 (2 x CH, d, J = 6.1 Hz), 
128.25 (CH, s), 128.46 (CH, s), 128.77 (CH, s), 132.80 
(CH, d, J = 19.1 Hz), 132.94 (CH, d, J = 19.1 Hz), 
133.18 (CH, d, J = 19.2 Hz), 134.06 (CH, d, J = 19.1 
Hz), 136.89 (C, d, J = 9.9 Hz), 138.45 (C, d, J = 9.1 
Hz), 138.67 (C, d, J = 9.9 Hz), 138.96 (C, d, J = 9.9 
Hz), 170.49 (C, s) ppm. “P NMR: & —17.06 (s), 
— 20.66 (s) ppm. MS (240°C): m/z (relative %): 653 
M + (100), 610 (10), 595 (3), 576 (2), 515 (2), 467 (3), 
424 (32), 407 (13). 


4.3.4. (+)-2,5'-Bis(diphenylphosphino)-1,I'-(1-acetoxy- 
propane-1,3-diyl)ferrocene (8d) 

129 mg (0.20 mmol) of 7d were heated to 90°C for 2 
h; yield, 97 mg (74%) of 8d as a mixture of di- 
astereoisomers (approximately 30:70). The crude prod- 
uct was used without further purification. 


4.4. (+)-2,3'-Bis(diphenylphosphino)-1,1'-(propane- 
1,3-diy) ferrocene (10b) 


80 mg (0.60 mmol) of AICI, and 200 mg (5.3 mmol) 
of LiAIH, were mixed with 2 ml of anhydrous diethy! 
ether. A solution from 80 mg (0.12 mmol) of 8b in 4 ml 
of diethylether: benzene (1:1) was added to the 
AICI,—LiAIH, suspension with cooling. After stirring 
the mixture at room temperature for 100 h, the reaction 
was quenched by careful addition of water. The organic 
layer was separated and the aqueous layer was extracted 
with 3 X 10 ml of methylene chloride. The combined 
extracts were dried with MgSO, and evaporated. Chro- 
matography on silica gel with petroleum ether : chloro- 
form (50:50) afforded 10b as an oil; yield, 12 mg 
(19%). 'H NMR: 6 1.93 (2H, m), 2.07 (1H, m), 2.22 
(1H, m), 2.38 (1H, m), 3.42 (1H, br.s), 3.60 (1H, br.s), 
3.67 (1H, t, J=2.5 Hz), 4.06 (1H, br.s), 4.11 (1H, 
br.s), 4.45 (1H, br.s), 7.04—7.11 (2H, m), 7.12-7.35 


(14H, m), 7.37-7.50 (2H, m), 7.55-7.63 (2H, m) ppm. 
‘°C NMR: 6 22.78 (CH,, d, J = 7.6 Hz), 24.21 (CH,, 
s), 34.85 (CH, d, J = 3.8 Hz), 69.16 (CH, s), 70.92 
(CH, d, J=4.5 Hz), 71.44 (CH, s), 71.51 (CH, d, 
J =3.1 Hz), 74.87 (CH, s), 77.89 (C, d, J = 12.2 Hz), 
79.42 (C, d, J = 6.1 Hz), 82.27 (CH, dd, J = 36.6, 6.9 
Hz), 88.77 (C, d, J =8.4 Hz), 90.05 (C, d, J = 19.1 
Hz), 127.40 (CH, s), 127.54 (CH, d, J=68 Hz), 
127.93 (CH, d, J =5.5 Hz), 128.05 (CH, s), 128.18 
(CH, d, J = 6.2 Hz), 128.34 (CH, s), 128.52 (CH, dd, 
J = 7.6, 1 Hz), 128.87 (CH, s), 132.06 (CH, d, J = 17.6 
Hz), 132.63 (CH, d, J=19.1 Hz), 134.30 (CH, d, 
J = 20.5 Hz), 135.40 (CH, dd, J = 20.6, 4.2 Hz), 136.38 
(C, d, J = 9.9 Hz), 138.86 (C, d, J = 10.6 Hz), 139.26 
(C, d, J = 12.2 Hz), 141.09 (C, d, J = 13 Hz) ppm. *P 
NMR: 6 —18.85 (s), —20.60 (s) ppm. MS (200°C): 
m/z (relative %) 595 M + (62), 518 (9), 486 (2), 410 
(100), 333 (25), 331 (26). 


4.5. Hydroxy derivatives 9a, 9b and 9d (general proce- 
dure) 


The acetate 8 was suspended in anhydrous diethyl 
ether and LiAIH, was added. After stirring at room 
temperature for 1 h, the mixture was quenched with 
excess of water. The organic layer was separated and 
the aqueous layer was extracted with three 10 ml por- 
tions of ether. The combined extracts were dried with 
MgSO, and chromatographed on silicagel with 
petroleum ether:ethyl acetate (75:25). The products 
isolated from the chromatography were used without 
further purification for the preparation of hydrocarbons 
10. 


4.5.1. (+)-2,2'-Bis(diphenylphosphino)-1,1'-(1-hydroxy- 
propane-1,3-diyl) ferrocene (9a) 

210 mg (0.32 mmol) of 8a and 19 mg (0.50 mmol) 
of LiAIH, in 20 ml of ether yielded 181 mg (92%) of 
9a. 'H NMR: 6 1.93 (1H, m), 2.02 (1H, m), 2.15 (1H, 
m), 2.71 (1H, ddd, J = 10.1, 5.5, 3.5 Hz), 3.83 (1H, m), 
3.66 (1H, t, J=2 Hz), 4.06 (1H, m), 4.17 (1H, m), 
4.19 (1H, t, J=2.5 Hz), 4.28 (1H, m), 4.32 (1H, t, 
J = 2.5 Hz), 4.38 (1H, br. t, J = 8 Hz), 6.97-7.07 (4H, 
m), 7.11-7.43 (14H, m) 7.63-7.72 (2H, m) ppm. °C 
NMR: 6 19.05 (CH,, d, J = 6.4 Hz), 42.06 (CH,, d, 
J =3 Hz), 67.47 (CH, s), 68.89 (CH, s), 69.23 (CH, s), 
71.43, 71.65, 71.67, 71.69 (2 x CH), 73.72 (CH, d, J 
=2.3 Hz), 80.02 (C, d, J=7.9 Hz), 80.41 (C, d, 
J = 17.6 Hz), 89.72 (C, d, J = 10.7 Hz), 89.87 (C, d, 
J = 16.8 Hz), 127.57 (CH, d, J = 6.9 Hz), 127.60 (CH, 
s), 128.08 (CH, d, J = 7.6 Hz), 128.17 (CH, s), 128.20 
(CH, d, J=6.1 Hz), 128.29 (CH, d, J=6.9 Hz), 
128.40 (CH, s), 128.95 (CH, s), 132.72 (CH, d, J = 19.8 
Hz), 133.49 (CH, d, J = 20.6 Hz), 133.66 (CH, d, 
J = 15.3 Hz), 135.91 (CH, dd, J = 19.8, 2.2 Hz), 136.36 
(C, d, J =9.9 Hz), 138.60 (C, d, J = 16 Hz), 139.75 
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(C, d, J=13 Hz), 139.83 (C, dd, J = 12.2, 1.5 Hz) 
ppm. *'P NMR: 6 —23.11 (d, J = 52.0 Hz), —26.83 
(d, J = 52.0 Hz) ppm. MS (240°C): m/z (relative %) 
611 M + (100), 533 (21), 425 (30), 409 (36), 348 (40). 


4.5.2. (+)-2,3'-Bis(diphenylphosphino)-1,1'-(1-hydroxy- 
propane-1,3-diyl)ferrocene (9b) 

93 mg (0.14 mmol) of 8b and 22 mg (0.57 mmol) of 
LiAlH, in 10 ml of diethyl ether yielded 68 mg (78%) 
of 9b. 'H NMR: 6 2.12 (2H, br. m), 2.51 (1H, m), 3.25 
(1H, br. g, J = 10 Hz), 3.51 (1H, br.s), 3.54 (1H, br.s), 
3.71 (1H, t, J = 2.5 Hz), 4.16 (1H, s), 4.25 (1H, br.s), 
4.33 (1H, m), 4.66 (1H, br.s), 6.97 (2H, t, J = 7 Hz), 
7.07—7.16 (4H, m), 7.18—7.29 (9H, m), 7.39-7.51 (3H, 
m) 7.62 (2H, td, J = 7.8, 1.5 Hz) ppm. °C NMR: 6 
23.12 (CH,, s), 43.19 (CH,, d, J=9.8 Hz), 69.71 
(CH, s), 70.07 (CH, d, J =5.2 Hz), 70.62 (CH, s), 
72.72 (CH, d, J = 3.6 Hz), 73.62 (CH, s), 76.61 (CH, 
dd, J = 2, 2 Hz), 78.85 (C, d, J = 14.4 Hz), 79.23 (C, 
d, J = 13.8 Hz), 79.61 (CH, dd, J = 36, 5.7 Hz), 88.81 
(C, d, J = 15.3 Hz), 91.44 (C, d, J =7.5 Hz), 127.50 
(CH, s), 127.58 (CH, d, J = 7.2 Hz), 127.96 (CH, d, 
J = 5.4 Hz), 128.38, 128.40, 128.43, 128.46 (3 x CH), 
128.67 (CH, dd, J =7.6, 1.3 Hz), 129.09 (CH, s), 
132.05 (CH, d, J = 17.9 Hz), 132.76 (CH, d, J = 19.2 
Hz), 134.21 (CH, d, J = 20.5 Hz), 135.66 (CH, dd, 
J = 20.8, 4.2 Hz), 136.23 (C, d, J = 10.2 Hz), 138.46 
(C, d, J = 11.5 Hz), 140.19 (C, d, J = 10.6 Hz), 140.72 
(C, d, J = 12.9 Hz) ppm. **P NMR: & —19.70 (s), 
— 19.82 (br.s) ppm. MS (230°C): m/z (relative %): 611 
M + (100), 533 (11), 425 (24), 409 (33), 347 (16), 305 
(6). 





4.5.3. (+)-2,5'-Bis(diphenylphosphino)-1,I'-(1-hydroxy- 
propane-1,3-diy) ferrocene (9d) 

100 mg (0.15 mmol) of 8d (m.d.) and 26 mg (0.68 
mmol) of LiAIH, in 30 ml of ether yielded 70 mg 
(76%) of 9d as a mixture of diastereomers. 


4.5.4. (+)-2,4'-Bis(diphenylphosphino)-1,1'-(1-hydroxy- 
propane-1,3-diyl)ferrocene (9c) 

80 mg (0.12 mmol) of 8c, dissolved in 4 ml of a 
mixture of diethyl ether: benzene (50:50), was added 
under cooling to a suspension from 64 mg (0.48 mmol) 
of AICI, and 200 mg (5.27 mmol) of LiAIH, in 2 ml of 
diethyl ether. After stirring at room temperature for 100 
h, the reaction was quenched with water. The organic 
layer was separated and the aqueous layer was extracted 
with 3 X 10 ml of methylene chloride. The combined 
extracts were dried with MgSO, and evaporated. The 
crude product was chromatographed on silicagel with 
petroleum ether: chloroform (50:50) to give 55 mg 
(75%) of 9c; no trace of the hydrocarbon 10c could be 
observed. 'H NMR: 6 2.01 (1H, br. t, J = 13 Hz), 2.23 
(1H, m), 2.52 (1H, ddd, J = 15, 5.9, 2.5 Hz), 3.06 (1H, 
br. q, J = 12 Hz), 3.40 (1H, m), 3.60 (1H, m), 4.15 


(1H, m), 4.19 (1H, t, J = 2.4 Hz), 4.24 (1H, m), 4.33 
(1H, dd, J=10, 3 Hz), 4.61 (1H, br.s), 7.14-7.37 
(20H, m) ppm. °C NMR: 6 23.56 (CH,, s), 43.05 
(CH,, d, J = 8.6 Hz), 70.81 (CH, s), 73.75 (CH, d, 
J = 4.6 Hz), 73.87 (CH, d, J = 3.1 Hz), 74.53 (CH, d, 
J = 10.2 Hz), 74.60 (CH, d, J = 4.5 Hz), 75.77 (CH, 
m), 75.91 (CH, d, J = 19.1 Hz), 76.38 (C, d, J = 7.6 
Hz), 76.69 (C, d, J = 13.0 Hz), 89.48 (C, d, J = 18.5 
Hz), 91.75 (C, d, J = 4.5 Hz), 127.85 (CH, d, J = 6.8 
Hz), 127.99 (CH, d, J = 6.8 Hz), 128.10 (CH, d, J = 6.1 
Hz), 128.22 (CH, s), 128.27 (CH, s), 128.30 (CH, d, 
J =6.1 Hz), 128.40 (CH, s), 128.92 (CH, s), 132.54 
(CH, d, J = 18.3 Hz), 133.05 (CH, d, J =19 Hz), 
133.14 (CH, d, J = 19.1 Hz), 134.22 (CH, d, J = 20.5 
Hz), 136.84 (C, d, J = 9.9 Hz), 138.51 (C, d, J/=9.9 
Hz), 138.83 (C, d, J = 9.9 Hz), 139.36 (C, d, J =8.9 
Hz) ppm. *'P NMR: 6 — 16.87 (s), — 20.00 (br.s) ppm. 
MS (240°C): m/z (relative %): 611 M+ (100), 595 
(21), 533 (3), 517 (3), 486 (1), 454 (6), 425 (12), 409 
(21). 


4.6. Hydrocarbons 10a, 10c and 10d (general proce- 
dure) 


AICI, and LiAIH, were added to a solution of 
alcohol 9 in diethyl ether—benzene. After stirring and 
heating the mixture as stated below, the reaction was 
quenched with an excess of water, the organic layer was 
separated and the aqueous layer was extracted with 
3 X 10 ml of methylenechloride. The combined extracts 
were dried with MgSO, and chromatographed on sil- 
icagel with petroleum ether : chloroform (SO : 50). 


4.6.1. (+)-2,2'-Bis(diphenylphosphino)-1,1'-(propane- 
1,3-diyl) ferrocene (10a) 

52 mg (0.085 mmol) of 9a 2 ml of ether, 2 ml of 
benzene, 210 mg (1.57 mmol) of AICI,, 50 mg (1.3 
mmol) of LiAIH, for 100 h at room temperature yielded 
24 mg (47%) of 10a; oil; 'H NMR: 6 1.75 (3H, m), 
1.88 (2H, m), 2.36 (1H, m), 3.80 (2H, m), 4.10 (2H, 
br.s), 4.14 (2H, t, J = 2 Hz), 7.00 (4H, t, J = 7.4 Hz), 
7.11 (2H, t, J = 7.4 Hz), 7.17 (6H, m), 7.26 (8H, m) 
ppm. °C NMR: 6 23.50 (CH,, t, J = 3.5 Hz), 34.29 
(CH,, t, J = 3 Hz), 68.47 (CH, s), 71.43 (CH, s), 71.90 
(CH, s), 81.07 (C, t, J = 5 Hz), 89.09 (C, t, J = 8 Hz), 
127.77 (CH, t, J=3.5 Hz), 128.07 (CH, s), 128.11 
(CH, t, J=3.8 Hz), 128.19 (CH, s), 133.45 (CH, t, 
J = 10.6 Hz), 134.57 (CH, t, J = 10.5 Hz), 137.89 (C, t, 
J = 7 Hz), 139.69 (C, t, J = 6.7 Hz) ppm. *P NMR: 6 
— 25.92 (s) ppm. MS (220°C): m/z (relative %) 594 
M + (80), 517 (44), 409 (44). 


4.6.2. (+)-2,4'-Bis(diphenylphosphino)-1,I'-(propane- 
1,3-diyl) ferrocene (10c) 

55 mg (0.09 mmol) of 9c, 2 ml of ether, 2 ml of 
benzene, 124 mg (0.93 mmol) of AICI,, 92 mg (2.4 
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mmol) of LiAIH, was heated under reflux for 8 h to 
yield 12 mg (22%) of 10c; oil. 'H NMR: 6 1.90 (2H, 
m), 2.07 (3H, m), 2.37 (1H, m), 3.36 (1H, s), 3.66 (1H, 
s), 3.98 (1H, s), 4.12 (LH, s), 4.15 (1H, s), 4.38 (1H, s), 
7.15—7.37 (20H, m) ppm. ‘°C NMR: 6 22.77 (CH,, d, 
J =6.9 Hz), 24.20 (CH,, s), 34.85 (CH,, d, J=4.5 
Hz), 73.02, 73.05, 73.08 (2 x CH), 73.28 (CH, d, J = 
2.9 Hz), 73.61 (CH, d, J =13 Hz), 73.89 (CH, d, 
J=176 Hz), = 764 (2X*C, m?), 78.05. (CH, dd, 
J = 6.4, 2.6 Hz), 89.35 (C, d, J = 4.5 Hz), 90.72 (C, d, 
J = 21.9 Hz), 127.85 (CH, d, J = 6.9 Hz), 128.00 (CH, 
d, J = 7.7 Hz), 128.06 (CH, s), 128.09 (CH, d, J = 6.1 
Hz), 128.21 (CH, d, J=6.1 Hz), 128.24 (CH, s), 
128.45 (CH, s), 128.75 (CH, s), 132.42 (CH, d, J = 18.3 
Hz), 133.04 (CH, d, J = 18.3 Hz), 133.34 (CH, d, 
J = 19.1 Hz), 134.10 (CH, d, J = 19.8 Hz), 136.87 (C, 
d, J=9.1 Hz), 138.76-139.01 (3 x C, m?) ppm. ”P 
NMR: 6 — 15.84 (br.s), — 21.19 (s) ppm. MS (160°C): 
m/z (relative %) 594 M + (100), 517 (15), 409 (23), 
332 (21). 





4.6.3. (+)-2,5'-Bis(diphenylphosphino)-1,1'-(propane- 
1,3-diyD ferrocene (10d) 

70 mg (0.11 mmol) of 9d, 4 ml of ether, 6 ml of 
benzene, 108 mg (0.8 mmol) of AICI,, 48 mg (1.2 
mmol) of LiAIH, for 4 h, at 80°C yielded 21 mg (31%) 
of 10d; oil, 'H NMR: 6 2.00 (2H, br.m), 2.09 (2H, 
br.m), 2.36 (2H, br. m), 3.30 (2H, m), 3.75 (2H, t, 
J =2 Hz), 4.37 (2H, d, J = 1.5 Hz), 7.11—7.26 (16H, 
m), 7.26-7.35 (4H, m) ppm. °C NMR: 6 23.03 (CH,, 
d, J = 6.8 Hz), 34.85 (CH,, t, J = 4.9 Hz), 69.92 (CH, 
s), 72.41 (CH, d, J = 3.8 Hz), 76.63 (C, d, J = 6.1 Hz). 
77.84 (CH, dd, J = 7.6, 3.8 Hz). 91.26 (C, d, J = 21.4 
Hz), 128.00 (CH, s), 128.04 (CH, d, J=6.8 Hz), 
128.22 (CH, d, J = 6.1 Hz), 128.84 (CH, s), 132.37 
(CH, d, J = 18.3 Hz), 134.44 (CH, d, J = 19.8 Hz), 
137.19 (C, d, J = 9.9 Hz), 139.11 (C, d, 10.7 Hz) ppm. 
*“P NMR: & —21.11 (s) ppm. MS (250°C): m/z 
(relative %): 596 (84), 595 M+ (100), 517 (14), 410 
(21), 409 (67), 332 (31), 331 (18). 


4.7. Crystal structure analyses [16] 


4.7.1. (+)-7a 

Crystals of orange-red color were grown by slow 
evaporation from CHClI,. A specimen of size 0.3 x 0.3 
x 0.3 mm was used for diffraction experiments, which 
were performed at 84(2) K on a modified STOE diffrac- 
tometer using Mo Ka radiation (A = 0.71073 A). 
Unit-cell parameters were obtained by least-squares re- 
finement against the setting angles of 23 reflections 
(3° < @< 11°). Crystals are monoclinic, of space group 
P2,/c, with four molecules (C,,H,,FeNP,; formula 
weight, 637.5) per unit cell: @ = 18.770(4) A, b= 
13.763(3) A and c = 12.443(2) A; B = 101.98(3)°; V= 


3144.4(11) A’; d. = 1.347 g cm™? (calculated from the 
cell constants observed at 84(2) K); F(000) = 1336. 

Intensity data (w scan; Aw=1.5°) were collected 
for two octants of reciprocal space (0 < h < 22; —16< 
k<0; —15 <1 < 14, 3° < @< 26°), yielding 5526 sym- 
metry independent reflections, of which 3769 are signif- 
icant (J > 2¢(/)). Lorentz—polarization correction and 
an empirical absorption correction (program DIFABS [17]) 
were applied to the data (u(Mo Ka) = 0.611 mm”'; 
ratio of minimum to maximum transmission, 0.699). 
The structure was solved with direct methods and re- 
fined with least squares, using a full-matrix least-squares 
program (sHELXL93 [17]) which minimizes the quantity 
So( F2-F?2) with w=1/[07(F2)+(aP) + bP), 
P =(max( F?, 0) + 2F?)/3, a = 0.05, b = 21, using all 
reflections. Anisotropic atomic displacement parameters 
(ADPs) were refined for all non-hydrogen atoms; H 
atoms were included at calculated positions (*‘riding’’), 
an isotropic ADP, was refined for each H atom. 

Refinement of 425 parameters against 5517 intensity 
data and 150 restraints converged at the following val- 
ues for the reliability indices: wR, = [S[w(F?- 
F2P)/3[o( F2) I”? = 0.1477 (for all 5526 reflec- 
tions), R, = J || F,| —| F. || / | F, | = 0.0466 for 3769 
significant reflections and 0.0941 for all 5526 data, 
Goodness of fit S=[Z[[F? —F?)]/(n—p)'”? = 
0.852 (number n of observations, 5517, number p of 
parameters, 425). Features up to 0.352 electrons A~? 
and down to —0.297 electrons A~? were observed in a 
final difference electron density map. 

Atomic coordinates and equivalent isotropic dis- 
placement parameters are given in table 2. 


4.7.2. (+)-7e. 

Conditions and procedures analogous to the structure 
determination of 7a, except where noted explicitly; 
yellow crystals were grown from CH,Cl,—methanol; 
crystal size, 0.4 x 0.4 x 0.4 mm; temperature, 86(2) K. 
Unit-cell parameters from 24 reflections with 4° < 6< 
10°. Crystals are triclinic, of space group P1, two 
molecules (C,,H,,FeNP,; formula weight, 637.5) per 
unit cell: a = 9.958(2) b = 10.892) A and c= 
16.1503) A; a= 72.493), B= 78.8003)" and y= 
76.21(3)°; V= 1609.1(5) A®; d= 1.316 g cm~? (at 
86(2) K); F(000) = 668 

Intensity data (Aw = 1.0°) were collected for four 
octants (—11<A<1l, —12<k<12, -1</<19; 
3° < 0< 25°); 5663 symmetry-independent and 4898 
significant reflections. DIFABS [17] absorbtion correction 
with (Mo Ka) = 0.597 mm~'. Refinement (425 pa- 
rameters; 5655 observations; 150 restraints) converged 
at wR, = 0.1160 (all 5663 reflections), R, = 0.0413 
(4898 significant reflections), R, = 0.0503 (all 5663 
data), S = 1.062 (n= 5655; p= 425). Maximum and 
minimum residual electron density: 0.451 electrons A-3 
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and down to —0.411 electrons A-3 . Atomic coordi- 
nates are given in Table 3. 


4.7.3. (+)-7d 

Orange crystals were grown from CHC1,; crystal 
size, 0.5 X 0.4 x 0.2 mm; temperature, 87(2) K. Unit- 
cell parameters from 34 reflections with 4° < @< 11°. 
Crystals are triclinic, of space group P1, two molecules 
(C,,H,,FeNP,; formula weight, 637.5) per unit cell: 
a = 8.785(9) A, b = 13.297(10) A, and c = 14.134(9) 
A; a= 74.336), B= 85.747) and y= 75.746)", V 
= 1540.7(22) A’, d, = 1.374 g cm™* (at 87(2) K); 
F(000) = 668. 

Intensity data (Aw = 1.0°) were collected for four 
octants (—10 <h< 10, —14<k< 15, 0</< 16, 3° 
< 0 < 25°); 5420 symmetry independent and 4644 sig- 
nificant reflections. DIFABS [17] absorbtion correction 
with «(Mo Ka) = 0.623 mm~'. Refinement (426 pa- 
rameters; 5414 observations; 150 restraints) converged 
at wR, = 0.1009 (all 5420 reflections), R, = 0.0373 
(4644 significant reflections with F,>4o(F,)), R, = 
0.0486 (all 5420 data), S = 1.078 (n = 5414; p = 426). 
Maximum gnd minimum residual electron density: 0.351 
electrons A~? and down to —0.394 electrons A~?. 
Atomic coordinates are given in Table 4. 
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Abstract 


The palladium dichloride complex of (S,, S,,)-1-(diphenylphosphino)-2,1’-((1-N, N-dimethylamino)-1,3-propanediyl]-ferrocene (5- 
PdCl,) has been prepared from enantiopure (S)-1,1'-{(1-N, N-dimethylamino)-1,3-propanediyl]-ferrocene (4) via a highly stereoselective 
ortho-lithiation followed by reaction with chlorodiphenyl phosphine to give amino phosphine 5, which on treatment with (CH ,CN),PdCl, 
gave the complex 5—PdCl,. The absolute configuration of the (— ).,o-enantiomer of 4 was deduced from the X-ray structure of its tartrate 
confirming (S)-configuration at the stereogenic center. A conformational analysis including X-ray structure analysis of § and S—PdCl, as 
well as empirical force field calculations on 4 and 5 together with NMR data shows strong stereochemical similarities of 5 and 5—PdCl, 
with the widely used ligand PPFA and its palladium dichloride complex PPFA—PdCl,. 


Keywords: \ron; Aminophosphines; Palladium complex; Ferrocenes; Crystal structure; Catalyst 





1. Introduction 


A variety of ferrocene derivatives has already been 
successfully identified as ligands for enantioselective 
homogeneous catalysts [1,2]. Most of these ligands are 
derived from (1-N,N-dimethylaminoethyl)ferrocene (1) 
as the starting material, which is easy to resolve into its 
enantiomers and can conveniently be transformed into a 
number of 1,2-disubstituted bidentate ligands via ortho- 
lithiation and subsequent reaction with electrophiles [3]. 
Thus the synthesis of the widely used PPFA ligand 
2-(1-N, N-dimethylaminoethy!)-1-diphenylphosphino- 
ferrocene (2) was easily achieved by reaction of 1 with 
butyllithium and subsequent treatment of the reaction 
mixture with chlorodiphenylphosphine [3,4]. Further 
modification of the dimethylamino group led to a diver- 
sity of bidentate or potentially multidentate ferrocene 
ligands. Although a respectable number of highly enan- 
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tioselective reactions have been reported with ferroceny! 
modified transition metal catalysts [1,5], ligand develop- 
ment appears to be limited by the small number of 
easily accessible enantiomerically pure starting com- 
pounds. Therefore we set out to search for enantiopure 
amino ferrocenes other than 1 and to test their potential 
as starting material for new bidentate and multidentate 
ligands of homogeneous enantioselective catalysts. Re- 
cently, we reported on aminoalcohols and aminophos- 
phines based on a-N,N-dimethylamino [1,2] tetrameth- 
yleneferrocene (3) and on their use in cross coupling 
and alkylation reactions [6-8]. 

In the present communication we describe synthesis 
and structural features of the heteroannularly bridged 
amine 4, aminophosphine § and its palladium dichloride 
complex 5—PdCl,, which was found to be a potential 
Grignard cross-coupling catalyst precursor similar to the 
widely used PPFA—PdCl, complex (2—PdCl, ). Further- 
more, structural features of 4, 5 and 5—PdCl, are 
compared with those of 1, 2 and 2—PdCl, both in the 
solid state and in solution. 
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Fig. 1. Crystal structure of the (R, R) tartrate of (—)-(S_)-4 (4-T). 
Hydrogen atoms have been omitted for clarity. 


2. Results and discussion 


Racemic amine 4 is readily accessible from ferrocene 
aldehyde via a published five-step synthesis [9,10]. Op- 
tical resolution of 4 can be achieved by fractional 
crystallization of its tartrates [11]. A single-crystal X-ray 
structure analysis of the less soluble salt reveals an 
(S)-configuration for the (—)-enantiomer of 4 (Fig. 1), 
thus confirming the original assignment based on chem- 
ical correlation [12]. Reaction of 4 with 1.2 equivalents 
of n-butyl lithium and subsequent treatment with 
chlorodiphenylphosphine gave aminophosphine 5. As 
for (S)-1 [3], the ortho-lithiation of (S)-4 is highly 
stereoselective; however, it leads to products with re- 
versed configuration at the ferrocene unit. Reaction of 
lithiated ($)-1 with chlorodiphenylphosphine results in 
(S., R,,)-2 ' (Scheme 1), while (S)-4 gives aminophos- 
phine (S., S,,)-5 (Scheme 1) as confirmed by X-ray 
structure analysis (Figs. 2 and 3). Treatment of 5 with 
(CH,CN), PdCl, in benzene gave the palladium 
dichloride complex 5—PdCl, whose molecular structure 
was also determined by X-ray crystallography (Fig. 4). 


2.1. X-ray structures of the tartrate of 4 (4-T), 
aminophosphine 5 and its palladium dichloride complex 
5-PdCl, 


All diffraction data were collected at a low tempera- 
ture (85(2) K); structures were solved with direct meth- 
ods and refined with least squares as described in 
Section 3. For each structure analysis, the absolute 
structure was determined from the anomalous data [13] 
and agreed with the chemical evidence. 


~ | The subscript c denotes the stereogenic center at C(21) (see Fig. 
3 later) while m refers to the metallocene unit. 


Fig. 2. Crystal structure of (— )-(S,, S,,)-5. 


2.1.1. 4. 

The less soluble (R, R)-tartrate of 4 (4-7) crystallizes 
in the monoclinic space group P2,, with two molecules 
in the unit cell. The molecular conformation of the 
ferrocene moiety of 4-T is shown in Fig. 1; final atomic 
coordinates are listed in Table 1. Since the configura- 
tion of the tartrate monoanion is known to be (R, R), 
the assignment of (S)-configuration to carbon C(21) of 
4-T, and of the related (—),,.-enantiomer of 4 is 
straightforward. This is also corroborated by the anoma- 
lous dispersion data (see Section 3). 

A discussion of general structural features of the 
ferrocenyl ammonium cation is given below. As ex- 
pected [7], the tartrate monoanion shows almost identi- 
cal C—O bond lengths in the carboxylate part (1.249(4) 
and 1.266(4) A) whereas these bond distances differ 


cu crs 


Fig. 3. Crystal structure of (—)-(S., S,,)-5, showing the atom num- 
bering. An analogous scheme was also employed for the crystal 
structure of 4-T and 5—PdCl,. 
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CH, 
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(So,Fin)-2-PdCly (Se,Sm)-3 


CH, 


(Sc,Sm)-5-PdCl, 


significantly in the hydroxycarbonyl group (C-OH, bonds between translationally equivalent tartrate ions 
1.313(4) A C=O, 1.206(4) A). The crystal packing is (H(O(6)) - - - O(2) (1 +x, y, z), 1.65 A) and between 
dominated by the formation of two intermolecular H the ammonium hydrogen atom H(N(1)) and one of the 


Table 1 
Atomic coordinates and equivalent isotropic displacement parameters for the non-hydrogen atoms in the crystal structure of 4-7, where U,, is 
defined as one third of the trace of the orthogonalized U;, tensor, and the atomic numbering is analogous to that shown in Fig. 3 


x/a y/b z/c U., 
(x107*) (x 107*) (x 107*) (x 107? A?) 


3448(1) 5034(1) 93831) 1S(1) 
50375) 8030(2) 161) 
6242(4) 18(1) 
5724) S2K: 1%1) 
4185(4) s 1%1) 
373H4) . 16(1) 
5015(S) 18(1) 
62744) 2001) 
58075) 241) 
426K(5) t 22(1) 
37714) 5303 2001) 
514644) 16(1) 
4281(3) 1%1) 
498%6) 21(1) 
47543) 18(1) 
5647(4) 2x1) 
31774) 25(1) 
10263) 18(1) 
10705(3) 22(1) 
957X%(3) 25(1) 
10612(4) 18(1) 
11302(3) : 21(1) 
92343) 3 18(1) 
8146(3) 24(1) 
965X%3) 18(1) 

10496(3) 2701) 
9045(3) 22(1) 
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Table 2 
Coordinates and displacement parameters for the crystal structure of 5, where the atomic numbering is defined in Fig. 3 





x/a(x107*) y/b(x107*) z/c(x10~*) Uz, (x 10~? A?) 


Fe(11) 1411(1) — 47732) 2875(1) 2001) 
P(11) 3272(1) — 5460(4) 351801) 191) 
N(i1) 3497(4) — 3252(10) 1904(4) 26(2) 
ctl) 2292(4) — 3360011) 2515(4) 192) 
(21) 2465(4) — 401712) 32504) 18(2) 
C31) 190% 4) — 3272(11) 371K5) 192) 
C(41) 1392(S) —2192(12) 3303S) 
C(S1) 1645(5) — 2225(11) 2554(5) 
c(111) 1312(4) — 656% 12) 2042(S) 
(121) 14545) — 7506(1 1) 2711S) 
C131) 872(S) — 7098(12) 3211(6) 
c(141) 356(4) — §941(14) 283K 5) 
c(151) 613(4) — 5601(12) 21145) 
(211) 270X%5) — 3834(12) 1804(S) 
(221) 2654(5) — 583913) 15835) 
(231) 184%5) — 649313) 1401(5) 
C311) 3952(5) — 3561115) 1255(5) 
(321) 3545(S) — 1343(12) 210K(S) 
C(411) 2948(S) — 6293(12) 4416(4) 
C(421) 3036(4) — 535713) 5086(4) 
(431) 2791(S) —613%14) 5741(S) 
C(441) 243% 6) —7812(15) 571%5) 
C(451) 2346(6) — 875914) 506%5) 
C(461) 258X5) —7982(11) 44205) 
(S11) 3946(4) — 3718(12) 3828(5S) 
(521) 47074) — 420% 14) 38704) 
(S31) 52665) — 299% 14) 4114(S) 
(541) 5067(5) — 1253(14) 4305(S) 
(S51) 4313(4) — 74713) 427K(S) 
C(S61) 3765S) — 1967(12) 4038(S) 
Fe(12) 88091) — 115(0) 872(1) 
P(12) 7062(1) — 865(4) 1701(1) 
N(12) 7895(4) 2328(11) 2824(4) 
(12) 8340(4) 1602(11) 1581(4) 
(22) 7752(4) 561(10) 1228(4) 
C(32) 77914) 900(12) 451(4) 
C(42) 8404(4) 2121(12) 31X%5) 
C(52) 8717(4) 2603(11) 1033(S) 
(112) 95334) — 1344(12) 1586(4) 
(122) 9018(S) — 265611) 12705) 
C132) 910%5) — 2624(12) 47K5) 
c(142) 9672(4) — 1356(12) 308(S) 
(152) 9944(4) — 564(13) 981(4) 
O(212) 8562(4) 1672(13) 2405(4) 
(222) 8841(4) — 155(14) 27004) 
(232) 95975) — 796(14) 2380(4) 
(312) 8091(6) 2648(15) 3611(5) 
(322) 7648(5) 4096(12) 253X%5S) 
(412) 6614(4) — 201%12) 902(4) 
(422) 5901(4) — 1598(11) 60XS) 
(432) 5603(4) — 2562(13) 4) 
C(442) 599% 4) — 3965(12) — 308(4) 
C(452) 6721(4) — 4402(12) —21(S) 
C(462) 7017(4) — 3468(12) 5785) 
(512) 6331(4) 80%11) 1895(4) 
C(522) 62204) 2371(11) 1478(5) 
C(532) 5628(4) 3565(12) 1634(S) 
(542) 5144(S) 3188(12) 2208(4) 
C(552) 5252(5) 1623(13) 2622(S) 
(562) 58334) 434(11) 246% 4) 
C(1X) 9732(11) 3356(34) 495X%7) 
C(2X) 1030001 1) 494% 43) 5174(8) 
C(3X) 965916) 6603(36) 4623(12) 
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Fig. 4. Crystal structure of (+ )-(S., S,,)-S—PdCl,. 


tartrate carboxylate oxygen atoms (H(N(1)) - - - O(1) 
(—x, -—1/2+y, 1 —z), 1.97 A). 


2.1.2. 5. 
For the X-ray structure determination a crystal of the 
(—).go-enantiomer was used. Crystals belong to the 


Table 3 








Fig. 5. Superposition of the two symmetry-independent molecules of 
the crystal structure of 5. 


monoclinic space group P2,, with four molecules in the 
unit cell, i.e. two non-equivalent molecules in the asym- 
metric unit. These two independent molecules have a 
very similar conformation as shown in their superposi- 
tion in Fig. 5. The molecular conformations of one of 
the two molecules of 5 is shown in Fig. 2. Atomic 


Coordinates and displacement parameters for the crystal structure of 5—PdCl,, where the atomic numbering is analogous to that shown in Fig. 3 





x/a y/b 
(x 10~*) (x107*) 


z/c U,, 
(x 107*) (x 107? A?) 





983% 1) 727K0) 
11980(2) 718701) 
9610(2) 59361) 
6625(1) 877001) 
755001) 718001) 
10072(5) 85303) 
77086) 8832(3) 
67556) 81302) 
506016) 8341(3) 
49787) 917%3) 
6595(6) 9482(3) 
8642(6) 88993) 
7837) 81763) 
61947) 8342(3) 
5967) 917713) 
74847) 95193) 
9540(6) 8888(3) 
10532(6) 8537(3) 
10312(6) 8993) 
9031(7) 8857(3) 
11788(7) 8804(4) 
766 1(6) 6613) 
6218(6) 65033) 
63078) 61863) 
78209) 5975(4) 
92548) 6078(4) 
91736) 6395(3) 
5886(6) 67573) 
5040(6) 7228(4) 
37787) 690%3) 
33476) 6132(3) 
4191(7) 56533) 
5461(7) 5972(3) 


971(1) 16(1) 
35572) 3001) 
9732) 2101) 

— 4034(1) 1701) 
— 1295(1) 14(1) 
914(5) 16(1) 

— 1630(6) 1701) 
— 208016) 16(1) 
— 3014(7) 201) 
—3101(7) 21(1) 
— 22376) 18(1) 
— 456716) 21(1) 
—5221(6) 21(1) 
— 62977) 2X1) 
— 63437) 24(1) 
— 5277) 2X1) 
— 7506) 17(1) 
— 1694(6) 201) 
— 3246) 22(1) 
1745(6) 231) 
1887(7) 26(1) 

— 295% 5) 16(1) 
— 4335(6) 21(1) 
—5718(7) 26(1) 
— 57528) 3001) 
— 438X(8) 28(1) 
— 29806) 21(1) 
— 845(6) 17(1) 
— 1536) 21(1) 
2247) 21) 

— 976) 2001) 

— 768(7) 25(1) 
— 1135(7) 22(1) 
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Table 4 


Selected conformational parameters of 1-7, 2, 2—PdCl,, 4-7, 5 and 5—PdCl, 





Parameter (units) 


Value for following compounds 





1-T * 2 


2-PdCl, 





Tilt angle ° Cp'—Cp? (°) 1.8 2.0 
4.0 


Distance of atom from Cp plane (A) 
Cp'-C(21) 0.079 
0.012 


— 0.026 
Cp?-C(23) 

Cp'-N(1) 

Cp'-P(1) 

Cp'—Pd(1) 

Cp'-Ci(1) 


Cp'-CK(2) 
Distance P(1)—N(1) (A) 


3.9 


0.176 


0.102 


— 1.127 





* Two molecules per asymmetric unit. 
” Cp', Cp’, least-squares planes defined by carbon atoms C(1)—C(5) (Cp') and C(11)—C(15) (Cp?). 


coordinates are given in Table 2. According to a force 
field study (see below), both conformations are calcu- 
lated to represent minimum-energy conformations. 


2.1.3. $—PdCl,. 

Reaction of the (—)<,o-enantiomer of 5 with 
(CH,CN),PdCl, in benzene gave (+ ),.>-5—PdCl,. A 
suitable crystal was used for X-ray structure analysis. 
Crystals belong to the monoclinic space group P2, with 
two molecules in the unit cell. Fig. 4 shows the molecu- 
lar conformation of 5-PdCl,. Table 3 lists final atomic 
parameters. 

As mentioned above, lithiation of (—)-(S)-4, and 
subsequent treatment with chlorodiphenylphosphine 
leads to (S,, S,,)-5 (Fig. 2) while the same reaction 
applied to (S)-1 gives (S., R,,)-2. Although the relative 
configuration of 2 differs from that of 5, it is certainly 
of interest to compare the molecular structures of 4-7, 5 
and 5—PdCl, with those of the very popular and widely 
used compounds 1-T [14], 2 [15] and 2—PdCl, [16]. 

The general structural features of 4-7, 5 and 5—PdCl, 
are very similar. The cyclopentadienyl (Cp) rings are 
essentially planar but are forced by the three-carbon 
bridge into a tilted arrangement with a tilt angle of 
about 10° (Table 4). Steric strain induced by the bridg- 
ing carbon atoms not only results into tilting of the Cp 
rings but also leads to significant out-of-plane deforma- 
tions of the benzylic carbon atoms C(21) and C(23) 
towards the proximal Cp side (towards the iron-coordi- 
nated side of the Cp ring). Bond lengths and bond 
angles in the ferrocene unit are quite normal; the aver- 
age Fe—Cp bond lengths are 2.03(2), 2.03(4) and 2.03(2) 


A for 4-T, 5 and 5—PdCl,; the average C,,—C,, bond 
lengths are 1.43(1), 1.42(1) and 1.43(1) A respectively. 

While in 1-T, 2 and 2—PdCl, the distance of the 
amino nitrogen from the best plane of the Cp' ring 
(defined by carbon atoms C(1) to C(S)) is adjustable via 
rotation of the dimethylamino group and varies between 
1.533 and 1.037 A, it is fixed in the bridged compounds 
at about 1.13 A (Table 4). Aminophosphines 2 and 5 
show many similarities. In both cases the phosphorus 
atom is only slightly out of plane of the Cp' ring with 
the phosphorus lone pair pointing towards the proximal 
side (Fig. 2); the N—P distance is 3.361 A in 2 and 


Fig. 6. Superposition of the asymmetric units of the crystal structures 
of 5 (--—) and 5—PdCl, (———). 
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3.362 and 3.401 A in 5. As for 2, complexation of 5 to 
5—PdCl, results in pronounced structural changes as 
shown in the superposition of the crystal structures of 
5—PdCl, and 5 (Fig. 6). In order to allow for complexa- 
tion, the diphenylphosphino group has to be rotated so 
that the lone pair points towards the distal Cp side, 
which puts one phenyl ring into close proximity to the 
Cp’ proton H(12), at a distance of 2.59 A in 2~—PdCl, 
and 2.47 A in 5. This structural change can also be seen 
by NMR spectroscopy (see below). In both complexes, 
the phosphorus atom is forced out of the Cp plane 
towards the distal side, by 0.284 A in 2—PdCl, and 
0.283 A in 5—PdCl,, resulting in shorter P—N distances 
compared with the free ligands (Table 4). Evidently, the 
non-coplanarity of phosphorus and Cp also relieves 
some of the strain caused by the proximity between 
phenyl! ring and H(12). 

In both structures (2—PdCl, and 5—PdCl, ), the square 
planar arrangement of the palladium substituents is 
rather distorted, the Cl-Pd—Cl plane being tilted against 
the N—Pd—P plane by 9.9° in 2—PdCl, and 7.8° in 
5—PdCl,. The N—Pd—P bond angles are opened up to 
96.1° and 96.4° respectively. According to previous 
reports [17] this might enhance the reactivity of such 
complexes in catalytic reactions. 

The close conformational similarity between the 
crystal structures of 2—PdCl, and 5—PdCl, is evident 
from the superposition shown in Fig. 7. 


2.2. Minimum-energy conformations of 4 and 5 


To check the conformational possibilities of 4 and 5 
an empirical force field study was carried out using the 
MMxX force field implemented in the program PCMODEL 
[18]. In each case, minimum-energy conformations very 
similar to those found in the solid state could be lo- 


Fig. 7. Superposition (labelled atoms) of the asymmetric units of the 
crystal structures of 5—PdCl, ( ) and 2—PdCl, (———). 


Fig. 8. Calculated molecular structures of 4 with an out-of-plane 
(left) and an in-plane (right) dimethylamino group. 


cated. A close comparison of calculated and experimen- 
tal data shows that the force field program is well suited 
to model this type of ferrocene except that out-of-plane 
deformations are underestimated. While in the crystal 
C(21) and C(23) are pushed towards the proximal Cp' 
side, these atoms are calculated to essentially lie in the 
Cp planes. As a consequence the Cp rings are calculated 
to be much more tilted (SA, 24.4°; 5B, 24.6°) than 
actually found in the solid state (10.5° and 10.6°; see 
Table 4). 

When viewed along the bond N(1)—C(21) the 
dimethylamino group in 4-T can be seen to be in a 
staggered conformation with bond C(21)—C(1) bisecting 
the angle C(31)—N(1)—C(32). In 5A and 5B, staggered 
conformations are also found for the dimethylamino 
group but now the bond H(21)—C(21) bisecting angle 
C(31)—N(1)—C(32). These side-chain features are again 
reproduced very well by the force field used. Hence, it 
was of interest to search for additional conformers 
which might also contribute to an equilibrium in solu- 
tion. 

As shown in Fig. 8, a flip of the carbon bridge will 
cause the out-of-plane dimethylamino group to adopt an 
in-plane position. Calculations show that these mini- 
mum energy conformations are of higher energy than 
the out-of-plane arrangements, the differences being 7.9 
kJ mol~' for 4, and 24.3 and 22.2 kJ mol~' for SA and 
5B respectively. 


2.3. Conformation of 4, 5 and 5—PdCl, in solution 


Straightforward analysis of the vicinal 'H-'H cou- 
pling constants shows conclusively that all compounds 
4, 5 and 5-PdCl, are present in solution preferably in an 
out-of-plane conformation. The vicinal coupling con- 
stants measured for H(21) (10.3 and 2.8 Hz for 4, 11.3 
and 2.8 Hz for 5, and 11 and 2 Hz for 5—PdCl,) are 
indicative for one trans and one gauche interaction, 
possible only in an out-of-plane arrangement of the 
dimethylamino group. In addition the complex 5—PdCl, 
shows a very strong upfield shift of about 2 ppm for one 
Cp” proton (H(12)) compared with the remaining Cp 
protons caused by a close interaction with one phenyl 
ring of the diphenylphosphine unit (Fig. 4). According 
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to the force field calculations, such an arrangement 
cannot be expected for a complex with an in-plane 
dimethylamino group. 

The NMR results together with the empirical force 
field calculations clearly indicate that 5—PdCl, adopts 
in solution a preferred conformation with the dimeth- 
ylamino group in an out-of-plane arrangement. Further- 
more, comparison of the molecular conformations of 5 
and 5—PdCl, with PPFA and its palladium dichloride 
complex shows many structural similarities most pro- 
nounced in the PdCl, complexes. It is anticipated that, 
like PPFA, aminophosphine 5 should be a useful ligand 
in homogeneous catalysis. 


3. Experimental part 


'H, °C and *'P NMR (proton-decoupled) spectra 
were run in CDCI, on a Bruker AM-400 spectrometer 
at 400, 100 and 162 MHz respectively. '"C NMR 
spectra were run in a J-modulated mode. Listed J 
values refer to phosphorus—carbon coupling constants. 
Chemical shifts 5, are given relative to tetramethylsi- 
lane as internal standard ('H and ‘°C NMR) and relative 
to 85% H,PO, (*'P NMR). Mass spectroscopy (MS) 
was carried out on a Varian MAT-CH7. Optical rota- 
tions were measured with a Perkin-Elmer polarimeter 
241 in CH,Cl, at 20°C (d= 1dm). CD spectra were 
recorded on a dichrograph CD6 (Jobin—Yvon) in 
CH,Cl,. Melting points were determined on a Kofler 
melting-point apparatus and are uncorrected. Elemental 
analyses were carried out at Mikroanalytisches Labora- 
torium der Universitat Wien (J. Theiner). 


3.1. 1,1'-[1-(Dimethylamino)-1,3-propanediyl] -ferro- 
cene (4) 


This was prepared according to modified literature 
procedures [9,10]. Optical resolution was performed via 
fractional crystallization of the diastereomeric tartrates 


(11). 


3.2. 1-Diphenylphosphino-2,l'° [1-(N,N- 
dimethylamino)-1,3-propanediyl] -ferrocene 
I(—HS., S,,)-5 


In a 100 ml Schlenk tube, 720 mg (2.68 mmol) of 4 
([a}* = —31°, (c= 1; MeOH)) was dissolved under 
argon in 15 ml of absolute diethyl ether. To the de- 
gassed solution was added dropwise 2.0 ml (3.2 mmol) 
of n-butyllithium (1.6 M in hexane). After stirring for 4 
h at room temperature an orange precipitate was formed. 
To this suspension, 0.58 ml (3.2 mmol) of 
chlorodiphenylphosphine was added dropwise at 0°C 
and the mixture was stirred for an additional 16 h at 
room temperature. The yellow reaction mixture was 
quenched at O°C with 15 ml of saturated aqueous 


NaHCO, solution. The organic layer was separated and 
the aqueous layer was extracted with diethyl ether (4 x 
15 ml). The combined organic layers were washed with 
20 ml of water and dried with MgSO,; the solvent was 
removed under reduced pressure to give 1.2 g of a 
yellow precipitate. The crude product was chro- 
matographed on silica gel (40-63 ym; column, 3 X 50 
cm) using a mixture of 0.4% triethylamine—20% 
methanol—79.6% chloroform as eluent, yielding 766 mg 
(1.69 mmol, 63%) of 5 (R, = 0.57). In addition, 265 mg 
(0.984 mmol) of the amine 4 (R,= 0.17) was recov- 
ered. Aminophosphine 5 (melting point (m.p.), 125- 
135°C) was used without further purification. An analyt- 
ical sample of 5 (m.p., 138—140°C) was obtained by 
MPLC (silica gel; 25-40 wm; 404.3 cm) with 
MeOH : chloroform (5 : 95) as eluent. 

'H NMR: 6 1.83 (6H, s), 1.90 (1H, m), 2.40 (1H, 
m), 2.46 (H21), dd, J = 2.8, 11.3 Hz,), 2.62 (1H, ddd, 
J = 2.5, 4.7, 14.7 Hz), 3.00 (1H, m), 3.71 (2H, m), 3.86 
(1H, m), 4.08 (1H, m), 4.16 (1H, m), 4.19 (1H, m), 4.39 
(1H, m), 7.29 (8H, m), 7.46 (2H, m) ppm. °C NMR: 6 
25.60 (C(23)), 38.38 (C(22), d, J=10 Hz), 44.31 
(C(31), C(32)), 66.70 (C(21)), 67.58 (Cp), 69.14 (Cp), 
70.21 (Cp), 71.42 (Cp), 71.55 (Cp, d, J =5.3 Hz), 
74.05 (Cp, d, J = 5.2 Hz), 74.36 (Cp, d, J = 4.6 Hz), 
75.60 (Cp, d, J = 20.1 Hz), 88.68 (Cp), 91.50 (Cp, d, 
J = 18.4 Hz), 127.53 (2Ph, d, J = 7.5 Hz), 127.71 (2Ph, 
d, J = 6.6 Hz), 127.70 (Ph), 128.08 (Ph), 133.51 (2Ph, 
d, J = 20.3 Hz), 134.19 (2Ph, d, J = 19.3 Hz), 138.89 
(Ph, d, J = 11.8 Hz), 139.47 (Ph, d, J = 8.6 Hz) ppm 
*'P NMR: 5— 21.04 (s) ppm. MS: m/e (relative%) 
453 (100, M*), 438 (38), 408 (70), 332 (32), 253 (27), 
225 (33), 224 (96), 183 (27), 176 (18), 165 (24), 121 
(19), 78 (12). [a ? (c = 1.024) — 207.8 (589), — 209.1 
(578), — 194.3 (546) (nm). CD (c = 2.3 x 10~*-2.3 x 
10~* moll~'): A (Ae): 251 (— 11.2), 276 sh (—8.36), 
325 (—0.84), 418 (+ 1.31) nm. 


3.3. 1-Diphenylphosphino-2, I'-[1-(N,N-dimethylamino)- 
1,3-propanediyl]-ferroceno-PdCl, [(+)-(S., S,,)-5- 
PdCl,] 


A 100 ml Schlenk tube was charged under argon 
with 269 mg (1.04 mmol) of (CH,CN),PdCl, and 15 
ml of dry benzene. A degassed solution of 5 (495 mg, 
1.09 mmol) in 10 ml of dry benzene was added through 
a Teflon tube. After stirring for 12 h at room tempera- 
ture a red—orange precipitate was formed. The super- 
natant solution was removed via a syringe and the 
remaining precipitate was washed twice with 10 ml of 
dry ether. The crude complex was dissolved in 15 ml of 
dry dichloromethane and to this solution was added 
carefully 10 ml of dry ethanol avoiding mixing of the 
two layers. After standing for 90 h in a slow stream of 
argon 479 mg (0.76 mmol, 76%) (m.p., 280°C (decom- 
position)), deep-red needles of 5—PdCl, were formed. 





A. Mernyi et al. / Journal of Organometallic Chemistry 508 (1996) 209-218 217 


'H NMR: 6 1.85 (1H, m), 2.18 (1H, m), 2.44 (1H, 
m), 2.54 (H21, dd, J = 2.0, 11.0 Hz), 2.65 (1H, m), 
2.81 (3H, s), 2.90 (1H, m), 3.33 (3H, s), 3.68 (1H, m), 
3.82 (1H, m), 4.07 (1H, m), 4.26 (1H, m), 4.37 (1H, m), 
4.46 (1H, m), 7.31 (SH, m), 7.57 (3H, m), 8.27 (2H, m) 
ppm. °C NMR: & 24.48 (C(23)), 42.80 (€(22), d, 
J = 4 Hz), 52.38 (N-CH,), 56.81 (N—CH,), 68.22 (Cp, 
d, J = 45.6 Hz), 68.82 (C(21)), 70.54 (Cp, d, J = 6.5 
Hz), 71.68 (Cp), 72.00 (Cp, d, J = 8.3 Hz), 72.10 (Cp, 
d, J =3.5 Hz), 72.13 (Cp), 72.93 (Cp), 75.15 (Cp), 
88.25 (Cp), 88.40 (Cp, d, J = 18.6 Hz), 127.85 (2Ph, d, 
J = 11.7 Hz), 128.08 (2Ph, d, J = 11.7 Hz), 130.49 (Ph, 
d, J =3.2 Hz), 131.63 (Ph, d, J = 66.3 Hz), 133.67 
(Ph, d, J=2.5 Hz), 133.15 (2Ph, d, J=9.6 Hz), 
133.86 (Ph, d, J = 65.3 Hz), 136.29 (2Ph, d, J = 11.3 
Hz) ppm. “P NMR: 6 10.51 (s), ppm. [a]? (c= 
1.0034) +304.0 (589), +373.7 (578), +756.4 (546) 
nm). CD: AAe) 244 (—17.8), 257 (+7.29), 276 
(—6.77), 311 (+9.05), 344 (—3.47), 388 (— 2.58), 452 
(+ 8.04) nm. 


3.4. Crystal structure analysis of 4-T 


Crystals of yellow color were grown from methanol. 
A specimen of size 0.4 x 0.3 x 0.3 mm was used for 
diffraction experiments, which were performed at 85(2) 
K on a modified STOE diffractometer using Mo Ka 
radiation (A = 0.71073 A). Unit-cell parameters were 


obtained by least-squares refinement against the setting 
angles of 70 reflections (3° < @<9°). Crystals are 
monoclinic, of space group P2,, with two mole- 
cules (C,,H,;FeNO,; formula weight, 419.3) per unit 
cell: a = 7.5592) A, b=9. 216(2) A and c = 13.1193) 
A; B= 90.16(3)°; V= 913.94) A; d, = 1.524 g cm™* 
(calculated from the cell constants observed at 85(2) K; 
F(000) = 440 

Intensity data (w scan; Aw = 1.5°) were collected 
for two octants of reciprocal space (—10 <h < 10; 
—-1<k<12; -—1</<18; 3°<6@< 30°), yielding 
2623 symmetry independent reflections, of which 2374 
are significant (J > 20(/)). Lorentz—polarization cor- 
rection and empirical adsorption correction (program 
DIFABS [19]) were applied to the data p(Mo Ka) = 
0.862 mm~'; ratio of minimum to maximum transmis- 
sion, 0.796. 

The structure was solved with direct methods and 
refined with least squares, using a full-matrix least 
squares program (SHELXL93 [19]) which minimizes the 
quantity Lw( F? — F?)? with w= 1/[07(F2) +(aP)’ 
+ bP], P=(max(F?, 0)+2F?)/3, a=0.038, b= 
0.56, using all reflections. Anisotropic atomic displace- 
ment parameters (ADP’s) were refined for all non-hy- 
drogen atoms; H atoms were included at calculated 
positions (‘‘riding’’); an isotropic ADP was refined for 
each H atom. 

Refinement of 244 parameters against 2623 intensity 
data and 98 restraints converged at the following values 


for the reliability indices: wR, = [Cl w( F? — F?)")/ 
L{ w( F2)*]]'/? = 0.0829 (for all 2623 reflections); R, 
=C|l F,|-|F./21 F,| = 0.0296 for 2374 signifi- 
cant reflections and 0.0362 for all 2623 data: goodness 
of fit S =[Lw( F? — F?)? /(n — p)}'/? = 0.956 number 
n of observations, 2623; number P of parameters, 244). 
Features up to 0.336 electrons A? and down to — 0.368 
were observed in a final difference electron density 
map. The absolute structure parameters [13] converged 
to 0.00(2) (a value of 0 indicating the correct and a 
value of 1 the opposite enantiomer). Atomic coordinates 
and equivalent isotropic displacement parameters are 
given in Table 1. 


3.5. Crystal structure analysis of 5 


Conditions and procedures analogous to the structure 
determination of 4-7, except where noted explicitly: 
orange crystals were grown from CH ,Cl,—hexane; crys- 
tal size, 0.5 X 0.40.3 mm; temperature, 84(2) K. 
Unit-cell parameters from 47 reflections with 4° < @< 
7°. Crystals are monoclinic, of space group P2,, with 
four molecules (C,,H,,FeNP; formula weight, 453.35) 
per unit cell: @ = 17.578(4) A, b = 7.322010) A and 
c = 18.040(4) A; B = 91.42(3)°; V = 2321.1(8) A’; d.., 
= 1.359 gcm™~* (calculated from the 84(2) K cell 
constants, with four molecules 5 plus one molecule 
hexane per unit cell); d,, = 1.34 g cm~* (determined 
at room temperature by flotation in aqueous CsCl); 
F(000) = 1002. 

Intensity data (Aw = 1.5°) were collected for two 
octants (—1 <h<22; -1<k<9; —23<1<23; 3 
< 6< 27.5°), 6161 symmetry independent reflections 
and 3221 significant reflections. pirABs [19] absorption 
correction with (Mo Ka) =0.735 mm™' (ratio of 
minimum to maximum transmission, 0.623). Refine- 
ment (621 parameters; 6161 observations; 457 re- 
straints) converged at wR, = 0.1423 (all 6161 reflec- 
tions); R, = 0.0678 (3221 significant reflections); R, = 
0.1404 (all 6161 data); S = 0.934 (mn = 6161; p = 621). 
Maximum and minimum residual electron densities 
0.644 and —0.555 electrons A~?. Absolute-structure 
parameter [13], 0.03(3). Atomic coordinates are given in 
Table 2. 


3.6. Crystal structure analysis of SPdCl, 


Conditions and procedures analogous to the structure 
determination of 4-7, except where noted explicitly: red 
crystals were grown from CH ,Cl,—ethanol; crystal size, 
0.3 x 0.2 x 0.2 mm; temperature, 85(2) K. Unit-cell 
parameters from 44 reflections with 3° < 6 < 7°. Crys- 
tals are monoclinic, of space group P2,, with two 
molecules (C,,H,Cl,FeNPPd; formula weight, 630.6) 
per unit cell: a = 8.768(2) A, b= 17.065(3) A and 
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c = 8.978(2) A; B = 112.81(3)°; V = 1238.3(5) A’; d 
= 1.691 g cm~* (at 85(2) K); F(000) = 636. 
Intensity data (Aw=1.2°) were collected for two 
octants (—1 <h< 14; -1<k<27; -14</1< 14; 3° 
< 6 < 35°), 5821 symmetry independent reflections and 
4661 significant reflections. DIFABS [19] absorption cor- 
rection with «(Mo Ka) = 1.609 mm~' (ratio of mini- 
mum to maximum transmission, 0.521). Refinement 
(297 parameters; 5821 observations; 129 restraints) con- 
verged at wR, = 0.1293 (all 5821 reflections); R, = 
0.0376 (4661 significant reflections); R, = 0.0548 (all 
5821 data); S = 0.649 (nm = 5821; p = 297). Maximum 
and minimum residual electron densities, 1.091 and 
— 1328 electron A~*. Absolute-structure parameter [13], 
—0.04(3). Atomic coordinates are given in Table 3. 
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Abstract 


The synthesis of optically active n*-(aminodiolefin)tricarbony! iron complexes by the nucleophilic addition of primary and secondary 
amines to the optically active tricarbonyl(/R)-(n*-methyl-nopadienyl)iron(1 +) cation (4) is described. Under either kinetic or 
thermodynamic control, the reaction leads to (E,Z)- or (E,E)-diolefin complexes with generation of a new chiral carbon centre. Racemic 
(R/S)-phenylethylamine was kinetically resolved (de = 38%) by treatment with 4 at — 78°C. 


Keywords: Optically active ligands; Iron; Carbonyl complexes; Kinetic resolution. 





1. Introduction 


There has been considerable recent interest in the 
synthesis and reactivity of 7°-tricarbony\(pentadienyl)- 
iron(1 + ) complexes. Their utility as intermediates and 
reactands in organic synthesis with respect to highly 
diastereoselective addition reactions of various nucle- 
ophiles to 7°-tricarbony\(dieny])iron( + 1) cations is well 
documented [1]. The U-shaped cationic complex II, 
synthesized from the corresponding alcohol complex I 
(LG =H), reacts with a wide range of nucleophiles 
such as alcohols, amines, carbon nucleophiles, hydrides, 
phosphites and phosphines in a stereoselective but not 
always regioselective manner, giving rise to four possi- 
ble regiochemical isomers IV—VII. The ratios of the 
kinetically controlled (£,Z)- and thermodynamically 
controlled (£,E)-complexes depend on the electronic 
and steric effects of R', R? and R° as well as the type of 
nucleophile employed [le,1k,2]. Recently, several 
groups have reported on a regio- and stereospecific 
nucleophilic substitution via S-shaped cationic com- 
plexes such as IIIb to give (E,E)-complexes of the 
form VI. However, this route is limited to specific 


” For Part Il, see Ref. [8]. 
* Corresponding author. 
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leaving groups LG, as well as carbon nucleophiles and 

phosphorus nucleophiles such as phosphites [3] (Scheme 

1). 

In all cases, however, the nucleophile invariably 
attacks trans to the tricarbonyl iron moiety [1-3]. We 
have recently prepared the optically active tricarbonyl- 
(1R)-(n°-methylnopadienyl)iron(1 + ) cation 4, derived 
from the optically active natural product (/R\X-)- 
myrtenal via the ketone 1 [4] (Scheme 2). 

The cation offers various advantages over the previ- 
ously discussed pentadieny! complexes: 

(a) Owing to the optical activity originating from the 
organic precursor and the planar chirality introduced 
by coordination of the Fe(CO), moiety, nucle- 
ophilic reactions will generate a new chiral centre, 
whose enantiomeric purity is easily checked by 
NMR spectroscopy, 

(b) Because of the ring structure, a nucleophile will 
only attack at C12 of the dienyl system, limiting the 
number of possible products to one pair of (£,Z)- 
and ( E,E)-diastereomers. By careful kinetic or ther- 
modynamic control of the reaction conditions, it 
should be possible to generate one single product 
with a well-defined new centre of chirality. 

We have therefore investigated the reaction of com- 
plex 4 with a variety of amines and phosphines in order 
to synthesize optically active organometallic amines and 
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Scheme 1. 


phosphines, which might themselves be useful as lig- 
ands in homogeneous catalysis or might be suitable as 
derivatizing agents in racemic resolutions. 


2. Results and discussion 


2.1. Reactions between 4 and primary and secondary 
amines 


The (aminodiene)tricarbonyl iron complexes were 
prepared as outlined in Scheme 3. They were obtained 
in good to excellent yields (Table 1). We used two 
general methods: 

(a) Addition of two equivalents of the primary or sec- 
ondary amine to 4 at — 78°C, and 


o re) 
wt NS CH _ a _ SCH 
i at ye 3 
(CO) 
2 


Fi 
(CO), 
3 


Scheme 2. (a) Fe,(CO), (1.5 eq), benzene 18 h, 80°C; (b) NaBH, 
(2.3 eq), MeOH, 1.5 h, 0°C; (c) HBF,, propionic anhydride, 
0.5 h, OPC. 


(b) Addition of one equivalent of the amine at room 
temperature and deprotonation of the primarily 
formed ammonium salt with a non-nucleophilic base 
such as NEt,. 

Absolute configurations of the products were as- 
signed in analogy to previous work by Maglio et al. [1o] 
as well as our own X-ray structure analysis of an 
addition product with a secondary phosphine [5]. ( £,Z)- 
and (E£,E)-diolefin complexes are easily distinguished 
by their typical chemical-shift values in 'H and “. 
NMR. Typical values in the ‘H NMR for H11 in (£,Z)- 
and (£,E)-diolefin complexes are at 1.9-2.5 ppm and 
0.6-1.1 ppm respectively [lo]. Table 1 shows that 
method (a) in most cases led to the kinetically con- 
trolled (£,Z)-diolefin complexes A only, while method 


(GOs Pp 
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Table 1 
The reaction between the optically active cation complex 4 and 
primary or secondary amines 
Product A* (%) T t 
(method) Cc) (h) 


5 (a) -78 4 

5 (b) rt. 

6 (a) —78 

6 (b) rt. 

7 (a) —78 

7(b) rt. 
Cyclohexylamine 8 (b) rt. 
Isopropylamine 9 (b) rt. 
Aniline 10 (a) —78 
o-Toluidine 11 (a) —78 
Benzylamine 12 (b) r.t. 





2 





RBSRELSSRIEE 


- Nw 
- 





* The ratios A/B are determined by the integration of the "H NMR 
spectra. 


(b) predominantly gave the thermodynamically more 
stable (E,E)-complexes B (Scheme 3 and Table 1). 

Further conclusions can be drawn from Table 1. The 
ratio A/B increases with the basicity of the respective 
amine on the addition of two equivalents of amine. This 
is probably due to the fact that the second amine rapidly 
deprotonates the primarily formed ammonium salt. This 
is the case for strongly basic amines such as dimeth- 
ylamine, diethylamine and piperidine (Scheme 4). 

The addition of the first amine is therefore irre- 
versible (k, > k_,, and k_, negligible) in these cases. 
For dimethylamine and piperidine, it was not possible 
under any conditions to generate exclusively the 
(E,E)-diolefin complex B. With the bulkier dieth- 
ylamine, however, the reaction via method (b) gave full 
conversion to the (£,£)-diolefin B. This means that the 
U-shaped cation II and the S-shaped cation IIIb can 
still achieve equilibrium, so that the thermodynamically 
more stable ( E,£)-diolefin product can be formed even- 
tually. A reaction time of several days may be necessary 
in some cases to establish this equilibrium fully, with 
the exclusive formation of product B. 

While the reactions in some cases led to almost 
quantitative yields, the yields decreased with longer 
reaction times and at ambient temperatures. This is due 


to some decomposition of the cationic precursors as 
well as competing elimination reactions of 4 with for- 
mation of a mixture of triolefin complexes (10-20% 
isolated yields). Based on the observed results, the 
detailed kinetic studies of nucleophilic addition reac- 
tions by Kane-Maguire and co-workers [6], and 'H 
NMR studies on the equilibria between U- and S-shaped 
dienyl cations by Sorensen and Jablonski [7], we pro- 
pose the following reaction mechanism for the nucle- 
ophilic addition of primary and secondary amines to the 
optically active tricarbonyl(n°-methylnopadieny|)iron 
cation 4 (Scheme 5): 


2.2. Kinetic resolution of (R,S)-phenylethylamine by 
reaction with 4 


Reaction of 4 with either (R)- or (S)-phenylethyl- 
amine by method (c) (addition of 4 to one or two 
equivalents of amine at —78°C) gave rise to similar 
results to those discussed previously (Table 2). 


Table 2 

The reaction between the optically active cation complex 4 and 

phenylethylamine 

Amine Product A B (%)(T) t eq 
(method) CC) (h) 


(S)-Phenylethylamine 13 (b) - 10094 rt % 11 
(S)-Phenylethylamine 13(c) 100 -53 -78 8 11 
(R)-Phenylethylamine  14(c) 100 -54 -78 8 Ll 
(R /S)-Phenylethylamine* 13/14(b) - 10090 rt. 72 11 
(R/S)-Phenylethylamine 13/14(c) 100 - 48 -—78 25 22 


* The ratio 13/14 is determined by the integration of the 'H NMR 
spectra. 
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(GOs PO 


-789C | (R/S)-phenylethyl- 
amune 


co 
Fe” 


(SR/SS, de = 38%) 


Scheme 6. 


Reaction at low temperatures led to the (E,Z) prod- 
uct only, while reaction at ambient temperatures gave 
the rearranged (E,E) product. The pure (£,Z) product 
could only be isolated by strictly keeping the reaction 
mixture at —78°C and deprotonating the intermediate 
ammonium salt with the non-nucleophilic base 
EtN('Pr),, as the rearranged product B begins to form 
at —50°C. Reaction of optically active 4 with racemic 
(R,S)-phenylethylamine by method (b) led to an equal 
mixture of the (E,E)-complexes 13B and 14B, differing 
only in the chirality of phenylethylamine. No kinetic 
resolution was therefore observed under these condi- 
tions. 13B and 14B could not be separated by chro- 
matography. This changed when 4 was added at — 78°C 
to two equivalents of (R,S)-phenylethylamine in methy- 
lene chloride. After deprotonation with EtN('Pr), at 
— 78°C, the amines 13A and 14A were isolated and 
could be separated by chromatography. The ratio of 
13A to 14A was determined as 1:2.2 (de = 38%). The 
optically active 4 had therefore preferentially reacted 
with (R)-phenylethylamine. This to our knowledge con- 
stitutes the first example of a kinetic resolution of a 
racemic amine with an optically active dienyl complex 
(Scheme 6). 

The addition of (R/S)-phenylethylamine to the opti- 
cally active 4 (method (a)), however, led to a consider- 
able decrease in the diastereomeric excess (1:1.3; de = 
13%). 

We are currently examining whether optically pure 
(R)-phenylethylamine can be separated from the com- 
plex and the starting material 4 recovered, so that it can 
be used for repeated resolutions. We are also investigat- 
ing whether other chiral amines can be resolved in a 
similar manner. Analogous reactions to those described 
in this paper can also be performed with secondary 
phosphines. These will be reported in a separate paper 
[S]. 


3. Experimental details 


All experiments were carried out under an atmo- 
sphere of nitrogen using solvents purified under nitro- 
gen by standard procedures. The starting optically ac- 
tive cation 4 was prepared as described in the literature 
[4]. Mass spectra were recorded on a Finnigan MAT 95 
instrument. IR spectra were recorded on a Perkin—Elmer 
1720 X infrared spectrophotometer and NMR spectra on 
Varian VXR 300 and Varian Unity 500 instruments. ~~ 
NMR spectra were assigned by use of APT and were 
decoupled. Tetramethylsilane was used as internal 
standard in the case of C,D,. In the case of CDC1,, the 
chemical shifts are referred to the signal of solvent. 


3.1. Preparation of the amine complexes 


3.1.1. Method (a) 

The amine (2.2 eq) was added in one portion to a 
solution of the optically active cation 4 in methylene 
chloride (10-40 ml) at room temperature or — 78°C. 
The reaction mixture was stirred for 15-48 h. The 
solvent was evaporated and the residue was purified by 
chromatography (SiO, ). 


3.1.2. Method (b) 

The amine (1.1 eq) was added in one portion to a 
solution of the optically active cation 4 in methylene 
chloride (10-30 ml) at room temperature. The reaction 
mixture was stirred for 84—96 h. The primarily formed 
ammonium salt was deprotonated with NEt, (1.1 eq) at 
room temperature. The solvent was evaporated and the 
residue was purified by chromatography (SiO, ). 


3.1.3. Method (c) 

The optically active cation 4 in methylene chloride 
(20.0 ml) was slowly added to phenylethylamine (1.1 or 
2.2 eq) in methylene chloride (30.0 ml) at —78°C 
within 0.5 h. The reaction mixture was stirred for 2.5—8 
h at — 78°C. The primarily formed ammonium salt was 
deprotonated with EtN(‘Pr), (1.2 eq) at —78°C. The 
solvent was evaporated and the residue was purified by 
chromatography (SiO, ). 


3.2.1. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-ene-2-yl] (Z)-(2S)-2-N,N-dimethylamino- 
but-3-ene]iron (SA) 

Method (a); eluent, hexane/ether (3:1) to ether, 
yellow oil, yield 0.40 g (88%). 'H NMR (500 MHz, 
CDCI,): 5 (ppm) = 0.93 (s, 3H, H9), 1.16 (d, J = 6.7 
Hz, 3H, H13), 1.33 (s, 3H, H8), 1.43 (d, J = 10.1 Hz, 
1H, H7), 1.80 (dd, J = 7.9 Hz, J = 10.4 Hz, 1H, H11), 
2.05 (s, 6H, 2X CH,(NMe,)), 1.94-2.08, 2.15-2.22, 
2.50—2.60 (3m, 7H, H1, H3, H4, HS, H7, H12), 5.28 (d, 
J=7.9 Hz, H10). °C NMR (125 MHz, CDCI,): 6 
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(ppm) = 19.26 (C13), 21.23 (C9), 25.05 (C8), 29.12 
(C4), 35.94 (C7), 38.95 (C6), 39.09 (CH,(NMe,)), 
41.22, 46.92, 50.05, 52.80 (C1, C3, C5, C11), 56.60 
(C12), 81.45 (C10), 125.03 (C2), 211.29 (CO). IR 
(hexane): v(C=O) = 2038, 1974, 1962 cm™'. Anal. 
Found: C, 60.10; H, 7.01; N, 3.54. C,,H,.FeNO, 
(359.25). Calc.: C, 60.02; H, 7.01; N, 3.89%. 


3.2.2. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1]-hept-2-ene-2-yl] (Z)-(2S)-2-N,N-diethylamino- 
but-3-ene] iron (6A) 

Method (a); eluent, hexane / ether (1:1), orange oil, 
yield 0.39 g (97%). 'H NMR (S00 MHz, CDCI,): 6 
(ppm) = 0.93 (t, J = 7 Hz, 6H, 2 x CH,(NEt,)), 1.02 
(s, 3H, H9), 1.17 (d, J = 5.8 Hz, 3H, H13), 1.41 (s, 3H, 
H8), 1.49 (d, J = 9.7 Hz, 1H, H7), 1.97 (br t, 1H, H11), 
2.01-2.09, 2.21-2.48, 2.56-2.64 (3m, 11H, H1, H3, 
H4, HS, H7, H12, 2x CH,(NEt,)), 5.27 (d, J=7.9 
Hz, H10). °C NMR (125 MHz, CDCI,): 6 (ppm) = 
15.01 (CH,(NEt,)), 19.22 (C13), 22.40 (C9), 26.13 
(C8), 30.06 (C4), 37.05 (C7), 39.95 (C6), 43.54 
(CH,(NEt,)), 42.21, 47.88, 53.79, 54.22, 54.84 (C1, 
C3, C5, C11, C12), 82.89 (C10), 126.19 (C2), 212.45 
(CO). IR (hexane): v(C=O) = 2038, 1972, 1961 cm™'. 
Anal. Found: C, 61.66; H, 7.88; N, 3.21. C,)H,.FeNO, 
(387.30). Calc.: C, 62.00; H, 7.54; N, 3.61%. 


3.2.3. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1]-hept-2-ene-2-yl] (E)-(2R)-2-N,N-diethylamino- 
but-3-ene]iron (6B) 

Method (b); eluent, hexane/ether (10:1) to ether, 
yellow oil, yield 0.30 g (65%). 'H NMR (300 MHz, 
CDCI,): 5 (ppm) = 0.46 (t, J = 8.8 Hz, 1H, H11), 0.94 
(s, 3H, H9), 1.02 (t, J = 7.0 Hz, 6H, 2 x CH,(NEt,)), 
1.15 (d, J=6.8 Hz, 3H, H13), 1.40 (s, 3H, H8), 
1.42-1.50 (m, 2H, H7, H12), 1.59 (br d, 1H, H3), 
1.96—2.08, 2.13-—2.25, 2.44—2.65 (3m, 9H, H1, H4, HS, 
H7, 2x CH,(NEt,)), 5.29 (d, J =8.8 Hz, H10). °C 
NMR (75 MHz, CDCI,): 68 (ppm) = 14.47 
(CH,(NEt,)), 17.61 (C13), 21.97 (C9), 26.07 (C8), 
29.76 (C4), 37.05 (C7), 40.18 (C6), 43.73 (CH,(NEt,)), 
42.50, 47.45, 53.92, 57.54, 58.23 (C1, C3, CS, Cll, 
C12), 84.70 (C10), 116.49 (C2), 213.15 (CO). IR 
(hexane): v(C=O) = 2037, 1972, 1960 cm™'. Anal. 
Found: C, 60.27; H, 7.53; N, 3.01. C,H, .FeNO, 
(387.30). Cale.: C, 62.00; H, 7.54; N, 3.61%. 


3.2.4. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-ene-2-yl] (Z)-(2S)-2-N-azacyclohexyl- 
but-3-ene]iron (7A) 

Method (a); eluent, hexane /ether (1:1), orange oil 
(0.89, 91%). 'H NMR (500 MHz, CDCI,): 5 (ppm) = 
1.01 (s, 3H, H9), 1.22 (d, J=6.4 Hz, 3H, H13), 
1.35-1.52 (m, 7H, H7, 3X CH,C.H,)N)), 1.41 (s, 
3H, H8), 1.91 (br dd, 1H, H11), 2.00—2.10, 2.11-2.29, 
2.40—2.50, 2.55—2.65 (4m, 11H, H1, H3, H4, HS, H7, 


H12, 2x CHC,H,,N)), 5.33 (d, J=7.6 Hz, 1H, 
H10). °C NMR (125 MHz, CDCI,): 5 (ppm) = 19.65 
(C13), 22.46 (C9), 24.92 (CHAC,H,,N)), 26.08 (C8), 
26.34 (CH(C,H,)N)), 30.14 (C4), 36.95 (C7), 39.98 
(C6), 49.33 (CHAC.H,)N)), 42.25, 47.92, 52.77, 
54.16, 58.81 (C1, C3, C5, C11, C12), 82.75 (C10), 
125.85 (C2), 212.43 (CO). IR (hexane): »(C=O) = 
2038, 1973, 1961 cm~'. Anal. Found: C, 62.21; H, 
7.35; N, 3.01. C,,H,.FeNO, (399.31). Calc.: C, 63.16; 
H, 7.32; N, 3.50%. 


3.2.5. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-ene-2-yl] (E)-(2R)-2-N-phenylamino-but- 
3-ene]iron (10B) 

Method (a); eluent, CH,Cl,, yellow solid, yield 0.55 
g (85%); 'H NMR (500 MHz, CDCI,): 5 (ppm) = 0.38 
(t, J =8.4 Hz, 1H, H11), 0.91 (s, 3H, H9), 1.34 (d, 
J=6.1 Hz, 3H, H13), 1.37 (s, 3H, H8), 1.44 (d, 
J = 10.4 Hz, 1H, H7), 1.66 (br d, 1H, H3), 1.98—2.06, 
2.17-2.25, 2.49-2.62 (3m, 5H, H1, H4, HS, H7), 3.32 
(dq, J = 6.4 Hz, J =7.9 Hz, 1H, H12), 3.52 (s, 1H, 
NH), 5.29 (d, J = 8.2 Hz, H10), 6.60 (d, J = 7.9 Hz, 
2H, 2 X CH(Ph)), 6.71 (t, J =7.3 Hz, 1H, CH(Ph)), 
7.17 (dd, J = 7.3 Hz, J =8.2 Hz, 2H, 2 x CH(Ph)). 
‘SC NMR (125 MHz, CDCI,): 5 (ppm) = 22.11, 22.64 
(C9, C13), 26.01 (C8), 29.79 (C4), 37.10 (C7), 40.10 
(C6), 42.40, 47.35, 52.60, 54.40 (C1, C3, CS, C11), 
58.97 (C12), 83.10 (C10), 113.86, 117.76 (CH(Ph)), 
118.05 (C2), 129.35 (CH(Ph)), 146.95 (C(Ph)), 212.73 
(CO). IR (hexane): v(C=O) = 2040, 1975, 1963 cm™'. 
Anal. Found: C, 64.92; H, 6.26; N, 3.33. C,,H,,FeNO, 
(407.28). Calc.: C, 64.87; H, 5.98; N, 3.43%. EI-MS 
(m/z (rel. int.)): M* 407 (1.3), M*-CO 379 (17.9), 
M*-2CO 351 (0.9), M*-3CO 323 (100), M*-Fe(CO), 
267 (6.5). 


3.2.6. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-ene-2-yl] (E)-(2R)-2-N-o-tolylamino-but- 
3-eneliron (11B) 

Method (a); eluent, CH,Cl,, yellow solid, yield 0.25 
g (70%). 'H NMR (S00 MHz, CDCI,): 5 (ppm) = 0.46 
(t, J =8.4 Hz, 1H, H11), 0.92 (s, 3H, H9), 1.36 (d, 
J=6.6 Hz, 3H, H13), 1.38 (s, 3H, H8), 1.44 (d, 
J = 10.1 Hz, 1H, H7), 1.67 (br d, 1H, H3), 2.11 (s, 3H, 
CH,(Ph)), 2.00-2.07, 2.17-2.22, 2.49-2.62 (3m, 5H, 
H1, H4, HS, H7), 3.39 (m, 2H, H12, NH), 5.26 (d, 
J =8.2 Hz, H10), 6.64—6.67, 7.04—7.13 (2m, 4H, 4 x 
CH(Ph)). °C NMR (125 MHz, CDCI,): 5 (ppm) = 
17.69 (C13), 22.09, 22.74 (C9, CH ,C(Ph)), 26.00 (C8), 
29.79 (C4), 37.10 (C7), 40.09 (C6), 42.41, 47.36, 52.52, 
54.35 (C1, C3, C5, C11), 59.31 (C12), 83.05 (C10), 
111.44, 117.35 (CH(Ph)), 117.90 (C2) 122.45 
(CH ,C(Ph)), 127.14, 130.41 (CH(Ph)), 145.00 (C(Ph)), 
212.70 (CO). IR (hexane): »(C=O) = 2040, 1975, 1963 
cm~'. Anal. Found: C, 65.67; H, 7.19; N, 2.87. 
C,,H,,FeNO, (421.30). Calc.: C, 65.56; H, 6.49; N, 
3.32%. 





224 M. Kaiser, A. Salzer / Journal of Organometallic Chemistry 508 (1996) 219-225 


3.2.7. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1]-hept-2-ene-2-yl] (E)-(2R)-2-N-benzylamino-but- 
3-ene]iron (12B) 

Method (b); eluent, hexane /ether (10:1) to ether, 
orange oil, yield 1.00 g (88%). 'H NMR (300 MHz, 
C,D,): 5 (ppm) = 0.13 (t, J = 8.7 Hz, 1H, H11), 0.73 
(s, 3H, H9), 1.18 (s, 3H, H8), 1.23 (d, J = 6.4 Hz, 4H, 
H13, this d obscures the signal of H7), 1.48 (d, J = 10 
Hz, 1H, H7), 1.74 (sept, 1H, H3), 1.80-1.88 (m, 2H, 
H4), 2.21 (br t, 1H, H1), 2.29-2.48 (m, 2H, HS, H12), 
3.52 (d, J = 12.8 Hz, 1H, CH HPh), 3.66, J = 13.1 Hz, 
1H, CHHPh), 4.90 (dd, J =8.2 Hz, J=1 Hz, 1H, 
H10), 7.06—7.32 (m, 5H, 5 X CH(Ph)). °C NMR (75 
MHz, C,D,): & (ppm) = 21.90 (C9), 23.94 (C13), 25.99 
(C8), 29.76 (C4), 37.34 (C7), 40.05 (C6), 42.68, 47.51, 
51.71, 54.46, 57.04, 60.98 (C1, C3, C5, Cll, C12, 
C14), 84.14 (C10), 116.94 (C2), 127.13, 128.37, 128.56 
(CH(Ph)), 141.29 (C(Ph)), 213.51 (CO). IR (hexane): 
v(C=O) = 2039, 1974, 1961 cm™~'. Anal. Found: C, 
66.28; H, 6.87; N, 3.03. C,,H,,FeNO, (421.32). Cale.: 
C, 65.57; H, 6.46; N, 3.32. EI-MS (m/z (rel. int.)): 
M* 421 (0.07), M*-CO 393 (1.2), M*-2CO 365 (1.2), 
M*-3CO 337.0 (100), M*-Fe(CO), 281.0 (2.4). 


3.2.8. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-ene-2-yl] (E)-(2R)-2-N-(1S)-(1-phenyl- 
ethylamino)-but-3-ene]iron (13B) 

Method (b); eluent, hexane /ether (10:1) to ether, 
orange oil, yield 0.49 g (94%). 'H NMR (300 MHz, 
C,D,): 5 (ppm) = 0.12 (t, J = 9.5 Hz, 1H, H11), 0.72 
(s, 3H, H9), 1.12-1.26 (m, 10H, H7, H8, H13, 
CH(CH,)Ph), 1.44 (d, J=10 Hz, H7), 1.74 (sept, 
J =3 Hz, H3), 1.80-1.88 (m, 2H, H4), 2.15 (t, J =6 
Hz, 1H, H1), 2.27—2.43 (m, 2H, H5, H12), 3.70 (q, 
J =6.5 Hz, 1H, CH(CH,)Ph), 4.87 (dd, J = 8.5 Hz, 
J =1 Hz, 1H, H10), 7.07 (tt, J = 7 Hz, J = 1 Hz, 1H, 
CH(Ph)), 7.14-7.26 (m, 4H, 4 x CH(Ph)). °C NMR 
(75 MHz, C,D,): 8 (ppm) = 21.98 (C9), 23.18 (C13), 
24.82 (CH(CH,)Ph), 25.99 (C8), 29.76 (C4), 37.41 
(C7), 39.99 (C6), 42.62, 47.46, 54.06, 54.57, 55.77, 
61.79 (C1, C3, C5, C11, C12, CH(CH, )Ph), 84.1 (C10), 
117.4 (C2), 126.9, 127.1, 128.6 (CH(Ph)), 146.7 
(C(Ph)), 213.52 (CO). IR (hexane): v(C=O) = 2038, 
1973, 1960 cm~'. Anal. Found: C, 67.25; H, 7.11; N, 
3.04. C,H FeNO, (435.34). Cale.: C, 66.21; H, 6.71; 
N, 3.21%. EI-MS (m/z (rel. int.)): M* 435 (0.01), 
M*-CO 407 (0.7), M*-2CO 379 (0.6), M*-3CO 351 
(100), M*-Fe(CO), 295 (6.5). 


3.2.9. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-en-2-yl] (Z)-(2S)-2-N-(1S)-(1-phenyleth- 
ylamino)-but-3-ene] iron (13A) 

Method (c); eluent, hexane / ether (10:1 to 3:1), yel- 
low-orange oil, yield 0.47 g (53%). 'H NMR (300 
MHz, C,D,): 5 (ppm) = 0.66 (s, 3H, H9), 1.10-1.20 
(2d, J = 6.7 Hz, the second d is obscured by the s at 


1.16, 9H, H8, H13, CH(CH,)Ph), 1.46 (d, J = 10.1 Hz, 
H7), 1.60-—1.88, 1.96-—2.10, 2.20—2.42 (3m, H1, H3, 
H4, HS, H7, Hil, H12), 3.63 (q, J=6.2 Hz, 
CH(CH,)Ph), 4.90 (d, J =7.7 Hz, H10), 7.00—7.35 
(m, 5 CH(Ph)). °C NMR (75 MHz, CDCI,): 6 
(ppm) = 22.21 (C9), 23.72 (C13), 25.07 (CH(CH,)Ph), 
25.98 (C8), 30.05 (C4), 36.91 (C7), 39.69 (C6), 42.10, 
47.77, 50.95, 54.33, 54.83, 58.70 (C1, C3, C5, C11, 
C12, CH(CH,)Ph), 81.08 (C10), 126.30, 126.52 
(CH(Ph)), 126.74 (C2), 128.22 (CH(Ph)), 146.40 
(C(Ph)), 212.05 (CO). IR (hexane): v(C=O) = 2038, 
1974, 1962 cm™~'. Anal. Found: C, 66.86; H, 7.46; N, 
3.01. C,H 9FeNO, (435.34). Calc.: C, 66.21; H, 6.71; 
N, 3.21%. EI-MS (m/z (rel. int.)): M*-CO 407 (0.2), 
M*-2CO 379 (5.2), M*-3CO 351 (80.4), M*-Fe(CO), 
295 (14.2), CgH,,N 122 (17.2), CgH, 105.0 (100). 


3.1.10. Tricarbonyl[n*-4-[(1R)-6,6-dimethyl-bicyclo- 
[3.1.1] -hept-2-en-2-yl] (Z)-(2S)-2-N-(1R)-(1-phenyleth- 
ylamino)-but-3-ene]iron (14A) 

Method (c); eluent, hexane / ether (10:1 to 3:1), yel- 
low-orange oil, yield 0.39 g (54%). 'H NMR (300 
MHz, CDCI,): 5 (ppm) = 1.02 (s, 3H, H9), 1.16 (d, 
J=5.4 Hz, 3H, H13), 1.24 (d, J=6.7 Hz, 3H, 
CH(CH,)Ph), 1.42 (s, H8, obscures particularly the d of 
H7), 1.80-—2.20, 2.35-2.45, 2.52-2.66 (3m, H1, H3, 
H4, HS, H7, H12), 3.74 (q, J = 6.5 Hz, CH(CH,)Ph), 
5.14 (d, J =6.7 Hz, H10), 7.12-7.32 (m, 5H, 5 x 
CH(Ph)). "°C NMR (75 MHz, CDCI,): 6 (ppm) = 
22.15, 22.42 (C9, C13), 23.99 (CH(CH,)Ph)), 25.96 
(C8), 29.94 (C4), 36.99 (C7), 39.55 (C6), 42.05, 47.81, 
49.44, 54.38, 54.55, 58.67 (C1, C3, C5, Cll, C12, 
CH(CH,)Ph), 81.18 (C10), 126.30 (CH(Ph)), 126.78 
(C2), 126.86, 128.34 (CH(Ph)), 145.06 (C(Ph)), 211.90 
(CO). IR (hexane): v(C=O) = 2038, 1974, 1962 cm™'. 
Anal. Found: C, 66.82; H, 7.69; N, 3.20. C,,H,.FeNO, 
(435.34). Calc.: C, 66.21; H, 6.71; N, 3.21%. EI-MS 
(m/z (rel. int.)): M*-CO 407 (0.3), M*-2CO 379 (6.8), 
M*-3CO 351 (52.8), M*-Fe(CO), 295 (11.4), CsH,,N 
122 (13.8), CyH, 105.0 (100). 


3.3. Kinetic resolution of (R / S)-phenylethylamine by 
reaction with 4 at — 78°C 


(R/S)-Phenylethylamine (0.50 g, 4.13 mmol, 0.53 
ml, 2.2 eq) was dissolved in methylene chloride (50.0 
ml) and the solution was cooled to — 78°C. A solution 
of the optically active cation 4 (0.76 g, 1.88 mmol) in 
methylene chloride (20.0 ml) was added dropwise to the 
reaction mixture (0.5 h). After stirring for 2.5 h at 
—78°C, EtN('Pr), (0.29 g, 2.26 mmol, 1.2 eq) was 
added and the reaction mixture slowly warmed to room 
temperature. The solvent was evaporated in vacuo and 
the residue was purified by chromatography (SiO,; 
eluent, hexane /ether (10:1) to ether). Two fractions, 
(E,Z)-13A (0.12 g, 15%) and (E,Z)-14A (0.27 g, 33%), 
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were obtained as orange oils. The ‘°C NMR spectra are 
in accordance with those of (£,Z)-13A and (E,Z)-14A. 
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Abstract 


By way of alkali halide elimination, monotungsten- and ditungsten-substituted oligosilanes can be obtained. The polarity of the solvent 
used and the leaving groups at silicon have a strong influence on the syntheses. Heterogeneous reactions (apolar solvent) result in 
monotungsten compounds, whereas homogeneous conditions (mixture of solvents) shorten the reaction time and lead to a, w-ditungs- 
tensilanes. Using this modified alkali halide elimination method, the new permethylated silicon—tungsten compounds Cl-(SiMe,),—Wp 
and Wp—(SiMe,),—Wp (n = 3, 4; Wp = W(CO),cp) were isolated. In addition, the synthesis of the first perhydrogenated a, w-ditungsten 
oligosilanes Wp—(SiH,),—Wp (n = 2, 3) is reported. Cyclic silanes with a tungsten substituent and further reactive groups in the 
molecule are obtained by selective reaction of the triflate group at silicon. 





1. Introduction 


The elimination of alkali halides is a very useful 
method to obtain transition metal—silicon compounds. 
Many applications of this reaction, in particular for 
earlier transition metals with low electron densities at 
the central atom, have been found [1-3]. Only a small 
number of compounds containing transition metal— 
oligosilane bonds are known, mainly with the late tran- 
sition metals iron and cobalt [4,5]. The first compounds 
with tungsten substituents on disilanes were prepared by 
Malisch in 1972 [6] in the reaction of Na[W(CO),cp] 
with permethylated halosilanes in apolar solvents (e.g. 
cyclohexane). In the reaction of a,@-dihalosilanes with 
2 eq. [W(CO),cp]~, monosubstituted tungsten com- 
pounds were obtained only for thermodynamic reasons 
[7]. Recently, we reported the syntheses of perhydro- 
genated silicon complexes of iron and molybdenum [8], 
which could be suitable precursors in MOCVD pro- 
cesses [9] to deposit stoichiometric metal silicides. In 
this work, we attempted to apply these reactions to 
perhydrogenated silanes bearing tungsten substituents. 


2. Syntheses 
2.1. Permethylated species 


Silicon—tungsten compounds are rather unstable to- 
wards temperature or light. To avoid decomposition of 
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the substances, it is necessary to observe defined condi- 
tions such as the polarity of the solvent used. By 
reaction of Na[W(CO),cp] with a,@-dichlorosilanes (n 
= 3, 4) in methylcyclohexane, a-chloro-w-tungstensi- 
lanes (1, 2) were achieved, according to the results of 
Malisch [6] on disilanes. 


Cl-(SiMe, ),—Cl + Na[ W(CO),cp] 


me thyicyclohexane 





Cl-(SiMe, ),-W(CO);ep 


room temperature /14—20 days 
1(n = 3, cp = CH) 
2(n = 4, cp = MeC.H,) 

The reaction is very slow because of the insolubility 
of the metal salt and the low reactivity of chlorosilanes. 
The flask was treated with ultrasound repeatedly to 
accelerate the reaction by better suspension of the 
undissolved reagents. Subsequent reaction with another 
eq. Na[W(CO),cp] did not result in disubstitution, but 
led to the formation of the transmetallation product. 

Thereby a large amount of Si—O derivatives was 
isolated. Oxygen in these siloxanes probably originated 
from the solvent or from decomposed CO ligands. 
However, there was a large amount of non-isolable 
polymers containing Si, O and W. A more effective way 
to obtain disubstitution was to modify the conditions of 
the reaction. Using the more soluble and therefore more 
nucleophilic salt K[W(CO),cp’] (cp’ = MeC,H,) and 
homogeneous conditions, it was possible to isolate 
a,w-ditungsten compounds (3, 4). To obtain a homoge- 
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Na[W(CO),cp] + Cl-(SiMe,),—W(CO),cp —s<* cp(CO);W-(SiMe, ) ,-W(CO),cp 


n=3,4 


— [W(00),0p]; + -(Si-O),- + polymer 


neous solution, the anion was. dissolved in 1,2-di- 

methoxyethane (DME) and added to the silane com- 

pound dissolved in n-heptane at room temperature. 
[KW(CO),cp’] 


DME Cl-(SiMe, ), -W(CO),cp’ 
cp’ = MeC,H, ( 2) (CO),cp 


+ 
n-heptane cp’ (CO),;W-(SiMe, ), -W(CO),cp’ 


3 (n=3) 
4(n=4) 


Cl-(SiMe,),, —Cl 
n=3,4 


The transformation was finished within 2 days, but 
the yields decreased because of the formation of 
byproducts and a small amount of transmetallation 
product. The monosubstituted byproducts (1, 2) could 
be removed due to their different solubility in n-pen- 
tane. 


2.2. Perhydrogenated species 


So far, no perhydrogenated oligosilane compounds 
involving tungsten substituents have been prepared. In a 
similar manner to the synthesis of 3 and 4, the prepara- 
tion of the first a,@-ditungsten-perhydrooligosilanes 
was undertaken. a,w-Diphenylsilanes are liquids and 
stable at room temperature for longer periods. Phenyl 
groups are split off easily using trifluoromethanesul- 
phonic acid to give bistriflic silanes. The triflate group 
is very useful for the synthesis of transition metal—sili- 
con compounds, because transmetallation reactions are 
avoided. The use of freshly prepared K[W(CO),cp’] 
was necessary. The preparation of K[W(CO),cp’] from 
[W(CO),cp’], was performed as described in Ref. [10]. 

The hydrogenated complexes (5, 6) were far more 
stable than the methylated complexes, as indicated by 
the increased yields. Compounds 5 and 6 could be 
suitable precursors for the deposition of stoichiometric 
thin metal silicide layers. 


2.3. Cyclic systems 


Cyclohexasilanes with transition metal substituents 
(Fe, Co, Mo) have been synthesized previously [11] by 


Na/K 
[W(CO),cp’], “——* 2[W(CO), cp’ }~ 
cp’ = MeC.H, 
CF,SO,H 
— Tf-(SiH ,),-TF 


Ph-(SiH,),-PH — 
Tf = CF,SO, 


n=2,3 


reaction of the cyclohexasilane derivatives Si,Me,,X 
(X = Cl, Br, I) with the highly nucleophilic metallates 
Na[Co(CO),(PPh,)] and Na[Fe(CO),cp]. To act against 
the inclination of silicon—metal compounds to decom- 
pose, transformations were performed in apolar medium, 
but the halogen derivatives of cyclohexasilane showed 
poor reactivity in these solvents. To avoid long reaction 
times and higher temperatures, it was necessary to use 
more reactive sila compounds and solvents of lower 
polarity than pure tetrahydrofuran (THF). Silanes bear- 
ing a triflate group were more appropriate. Transmetal- 
lations could be avoided and side reactions were almost 
suppressed (7). The selectivity of the reaction of triflic- 
silanylesters with complex metal anions can be seen in 
the syntheses of 8 and 9. Because of the higher reactiv- 
ity, the triflic group reacted much faster than the halo- 
gen function. 


Y 


n-heptane / THF 
(Se 


—0,SCF, + [W(CO) scp] "= 


7a (Y = Me) 
8a (Y = Cl) 
9a (Y = Br) 


cp = MeC.H, 
@ = SiMe,_, (n= 1,2) 


Despite the high reactivity of the bromo group in 
molecule 9a, the main product of the reaction was 9. 
Thus the selectivity of the triflate group in the reaction 
of 1,3-mixed substituted cyclohexasilanes offers a wide 
field of synthetic variations. 


—re” Wp-(SiH,),-Wp 
5(n = 2) 
6(n = 3) 

Wp = W(CO) cp’ 





A. Zechmann, E. Hengge / Journal of Organometallic Chemistry 508 (1996) 227-230 229 


3. Experimental section 
3.1. General 


All transformations involving air- or moisture-sensi- 
tive materials were carried out under dry nitrogen or 
argon using a modified Schlenk technique. Solvents 
were dried over Na/K alloy under nitrogen and distilled 
prior to use. Metallates [12,13] and silicon starting 
materials [14—17] were prepared according to literature 
methods. NMR spectra were recorded with a Bruker 
MSL 300 ('H, 300.13 MHz; °C, 75.47 MHz; “Si, 
59.627 MHz); the compounds were dissolved in C.D, 
or spectra were obtained from the reaction solution with 
a capillary filled with D,O (Si spectra only). IR 
spectra were recorded with a Perkin-Elmer 883 IR 
spectrometer using an NaCl IR cuvette (0.05 mm). 
GC/MS analyses were performed on an HP 5890 
Series II (capillary column HP-1, 15 m X 0.2 mm xX 0.1 
ym, MSD/HP 5971 A). Mass spectra were recorded 
with a Kratos profile spectrometer. 


3.2. Synthesis of Cp(CO),W-(SiMe,),—Cl (1: n= 3, 
cp = C,H,; 2: n= 4; cp = MeC,H,) 


Nal[W(CO),cp (1, 1.0 g/2.8 mmol; 2, 1.08 g/2.9 
mmol) and Cl(SiMe,),Cl (1 mmol) were suspended in 
50 ml of dry methylcyclohexane and stirred for 14 
(n = 3) and 20 (nm = 4) days at room temperature. Be- 
cause the product is sensitive to light, the flask was 
enveloped in aluminium foil. When the IR spectrum 
showed no further reaction, the salts were filtered off 
and the solvent was removed. The product was ex- 
tracted with n-pentane (5 < ) from the brown residue 
and then recrystallized from n-pentane at — 70°C. 

1-Chloro-3- n°-cyclopentadienyltricarbonyltung- 
sten)hexamethyltrisilane (1): yield, less than 30%; “Si 
NMR (ppm/TMS): 27.59, —7.67, —34.53, ‘Js; w= 
22.3 Hz; 'H NMR (ppm/ TMS): 4.61 (SH), 0.71 (6H), 
0.50 (6H), 0.33 (6H); IR (cm~' /n-pentane): 2026, 1937; 
C,,H,,ClO,Si,W, M, = 542.89. 

1-Chloro-4-(°-methylcyclopentadienyltricarbony|- 
tungsten )octamethyltetrasilane (2): yield, 0.2 g (32.5%); 
Si NMR (ppm/TMS): 27.94, —5.26, —32.80, 
— 42.75, ‘Jg,_w = 21.0 Hz; 'H NMR (ppm/ TMS): 4.60 
(q, 4H), 1.41 (s, 3H), 0.62-0.25 (m, 24H); IR 
(cm™~' /n-pentane): 2026, 1936; C,,H,,CIO,Si,W, M, 
= 615.08. 


3.3. Synthesis of cp'(CO),W-(SiMe,),-W(CO), cp’ (3, 
n= 3; 4,n=4; cp’ = MeC,H,) 


CK(SiMe,),Cl (1 mmol, n = 3, 4) was dissolved in 
50 ml of dry n-pentane, and a solution of K[W(CO),cp’] 
(1 g/2.5 mmol) dissolved in 30 mi of dry 1,2-di- 
methoxyethane was added dropwise at room tempera- 


ture with the exclusion of light. After stirring for 2 days 
at room temperature, no further reaction was detected 
by IR. All solids were separated by filtration and the 
solvent was removed. The brown residue was dissolved 
in 50 ml of dry n-pentane and filtered again. The 
solvents and unreacted starting materials were removed 
at room temperature in vacuo (10~* bar) in about 2 h. 
n-Pentane (15 ml) was added to the brown residue and 
the suspension was treated with ultrasound for 10 min 
to dissolve all the product. The product was crystallized 
at —70 °C. 

1,3-Bis( n°-methylcyclopentadienyltricarbonyltungs- 
ten)hexamethyltrisilane (3): yield, 0.12 g (14%); “Si 
NMR (ppm/TMS): — 6.94, — 39.82; IR (cm~' /n-pen- 
tane): 2031, 1929; C,,H,,0,Si,W,, M, = 868.47. 

1,4-Bis(1°-methylcyclopentadienyltricarbonyltungs- 
ten)octamethyltetrasilane (4): yield, 0.08 g (9%); “Si 
NMR (ppm/ TMS): — 4.07, — 21.47; IR (cm™~' /n-pen- 
tane): 2021, 1931; C,,H,,0,Si,W,, M, = 926.63; MS 
(selected, M/I): 897 (M-CO/21.5%), 73 
(SiMe, / 100%), 263 (Wep’ /63.0%). 


3.4. Synthesis of cp'(CO),W-(SiH,),-W(CO),cp ' (5, 
n= 2, cp’ = MeC,H,; 6, n= 3, cp =C,H,) 


Ph(SiH,), Ph (1.8 mmol, n = 2, 3) was dissolved in 
30 ml of dry n-heptane, cooled to —40 °C and treated 
with 4 mmol/0.6 g CF,SO,H. After 2 h, no 
Ph(SiH,), Ph could be detected by GC/MS. The solu- 
tion was decanted into a flask. In a parallel reaction, 
[W(CO),cp’], (0.62 g/0.9 mmol) was dissolved in dry 
THF and treated with 0.2 ml of Na/K alloy (1 : 3/p= 
0.9) at room temperature. When the carbony! stretching 
frequencies of the starting material disappeared from the 
IR spectrum, excess alloy was filtered off over celites 
(ROTH) and the solution was transferred into a drop- 
ping funnel. The solution was added dropwise to a 
stirred solution of Tf-(SiH,),-Tf (Tf =CF,SO,) at 
—60 °C. After the reaction had finished (observation 
with IR spectroscopy), the solvent was removed and the 
residue was suspended in dry n-pentane. After filtration 
from the formed salts, the solution was reduced to 10 
ml. The product was crystallized at — 70 °C. 

1,2-Bis(n°-methylcyclopentadienyltricarbonyltungs- 
ten)disilane (5): yield, 0.7 g (55%); “Si NMR (ppm / 
TMS): —65.78, ‘Js,_4 = 184 Hz, 'J,,_w = 22.3 Hz; 'H 
NMR (ppm/ TMS): 4.65 (q, 4H), 4.22 (s, 4H), 0.88 (s, 
3H); °C NMR (ppm/TMS): 221.02, 215.17 (CO), 
89.81, 88.56, 86.84 (Me-cp), 32.13 (Me—cp); IR 
(cm~' /n-pentane): 2016, 1922; C,,H,,O,Si,W,, Mx 
= 754.21; MS (selected M/I): 726 (M—CO/8.5%), 
722 (M-SiH,,/15.0%), 44 (100%), 302 (65.3%). 

1,3-Bis( n°-cyclopentadienyltricarbonyltungsten)tri- 
silane (6): yield, 0.25 g (45%); Si NMR (ppm/ TMS): 
—74,06 (tt), —95.29 (pt), "Js; 4; = 185.85 Hz, 
"Seino = 177.95 Hz, "Jgi,_yo = 4.2 Hz, “Jsin-tys = 7-4 
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Hz, 'J<; w = 24.1 Hz; 'H NMR (ppm/TMS): 4.68 (q, 
4H), 4.02 (s, 6H), 3.82 (s, 1H); "°C NMR (ppm / TMS): 
224.7, 219.0 (CO), 92.4 (ep); IR (cm~'/THF-n- 
heptane): 2020, 2003, 1927; C,,H,,O,Si,W,, M,= 
756.26. 


3.5. Synthesis of cp'(CO),W-Si,Me,, (7) 


Tf-Si,Me,, (Tf = CF,SO,) (1.0 mmol), freshly pre- 
pared from PhSi,Me,,, was dissolved in n-heptane and 
cooled to —50 °C. A solution of K[W(CO),cp’] (0.5 
g/1.3 mmol) in 50 ml 1,2-dimethoxyethane was added 
dropwise. After the addition, reaction was allowed at 
room temperature for 2 h. The solvent was removed and 
dry petrolether was added. After filtration, the solution 
was reduced to 15 ml. The product was crystallized at 
—70 °C. 

(7°-Methylcyclopentadienyltricarbonyltungsten)un- 
decamethylcyclohexasilane (7): yield, 0.4 g (58%); ”’Si 
NMR (ppm/TMS): 7.02, —39.23, —42.21, —42.58, 
"Jg;-w = 34.92 Hz; °C NMR (ppm/TMS): 217.67 
(CO), 109.33 (Me—C,), 88.82, 86.92 (Me—cp), 14.57 
(Me-cp), —5.12 to —6.42 (Si-Me); IR (cm~'/ 
petrolether): 2018, 1989, 1924; C,,H,,.0,Si,W, M, = 
680.90; MS (selected M/I): 682 (M*/23.4%), 73 
(SiMe, /100%), 264 (71.1%). 


3.6. Synthesis of 1-X-3-(cp'(CO),W)Si,,Me,, (8, X = Cl; 
9, X = Br) 


A solution of 2.88 mmol of freshly prepared 
[W(CO),cp’]” in THF was added to a stirred solution 
of 1-Cl-3CF,SO,)Si,Me,,. (2.90 mmol) in n-heptane 
at —50 °C. To complete the transformation, the solution 
was stirred for 2 h at 0 °C. After the solvents had been 
removed at room temperature, 100 ml of dry n-pentane 
was added. The flask was treated with ultrasound for 15 
min and the solids were removed by filtration. The 
yellow solution was reduced to 20 ml and the product 
was crystallized at —70 °C. 

1-Chloro-3-(*-methylcyclopentadienyltricarbonyl- 
tungsten)decamethylcyclohexasilane (8): yield, 1.1 g 
(59%); “Si NMR (ppm/TMS): 15.37, —28.50, 
— 30.44, — 41.31, — 41.40, — 53.08, ‘J, y = 23.51 Hz; 
‘°C NMR (ppm/TMS): 220.06, 215.64, 215.35 (CO), 
108.27 (Me—C, ), 91.14, 86.66 (Me—cp), 16.06 (Me- 


cp), 1.33 to —6.13 (Me); IR (cm™~' /n-pentane): 2021, 
1916, 1895; C,,H,,CIO,Si,W, M, = 701.32. 

1-Bromo-3-(7°-methylcyclopentadienyltricarbonyl- 
tungsten)decamethylcyclohexasilane (9): yield, 0.4 g 
(19%); “Si NMR (ppm/ TMS): 13.07, —27.99, 
—31.15, — 40.37, — 40.95, — 52.69, ‘J, y = 24.3 Hz; 
'C NMR (ppm/TMS): 221.22, 216.37, 215.98 (CO), 
110.20 (Me—C,), 92.65, 88.73 (Me—cp); 18.30 (Me- 
cp); 2.54 to —5.86 (Me); IR (cm~' /n-pentane): 2019, 
1925, 1896; C,,.H,,BrO,Si,W, M, = 745.78. 
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Abstract 


A series of (n°-C,Me,R)Fe(COXL)I complexes (R = H, L = P(OMe),, PMe,, P(O'Pr),, PPh,, P(O-o-tol),, PBz,; R ="Bu, 
L = P(OMe),, P(OPh),, PPh,) have been synthesized and characterized by spectroscopic techniques (IR, 'H and °C NMR). NOE 
spectroscopy was used to ascertain that the L group resided, on average, away from the bulky ring substituents. Thus, for R ="Bu, L was 
displaced away from the ‘Bu group, while, for R = H, L resided close to the H group. Crystal structure determinations were performed on 
(n°-C,Me,H)Fe(COXPPh ,)I (1) and (n°-C,Me', Bu)Fe(CO)P(OPh), ji (2). Both structures showed expected bond angle and bond length 
trends. The arrangement of the ligand set (L, CO, I) below the cyclopentadieny! ring in the solid state was the same as that found in 
solution. These results again reveal the importance of the steric effects associated with the cyclopentadienyl ring substituents on the 
properties of cyclopentadienyl—metal complexes in both the solution and solid states. 


Keywords: lron; Cyclopentadienyl; Carbonyl; Crystal structure; Ring substituents; Steric effects; NMR 





1. Introduction 


Since the first synthesis of ferrocene in 1951 [1], the 
cyclopentadieny! ring has played an important part in 
the development of both high- [2] and low-oxidation- 
state [3] organometallic chemistry. This importance re- 
lates to the ease of synthesis of cyclopentadieny! com- 
plexes, as well as the variation in both steric and 
electronic properties that can be associated with the ring 
with the introduction of ring substituents [4,5]. 

In earlier studies we have shown that substitution of 
even one of the C,H, ring protons can lead to dis- 
cernible changes in the physical and chemical properties 
of cyclopentadienyl—metal complexes [3,6]. Further 
substitution to give di-, tri-, tetra~- and penta-substituted 
cyclopentadieny! ligands should lead to even more sig- 
nificant changes in these properties [5,7]. For instance, 
penta-substituted cyclopentadienyl ligands have been 
used to great advantage in the synthesis of cyclopentadi- 
enyl lanthanide and actinide complexes [8-10]. On a 


* Corresponding author. 
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practical note, substituted cyclopentadienyl metal com- 
plexes can have improved solubility [5] and stability 
[9,10] characteristics compared to the related unsubsti- 
tuted cyclopentadienyl metal complexes [2]. 

To elaborate further on our earlier studies, we wished 
to assess the effect of C;Me,R ligands on the properties 
of (n°-C,Me,R)Fe(COXL)I complexes. In particular, 
by using R groups which were both smaller and larger 
than the Me group, steric effects could be probed by the 
ligand set attached to iron. To achieve this end we have 
chosen to synthesize a range of (n°C,Me,R)Fe(COXL)I 
complexes with R = H, ‘Bu and L = Group-15 donor 
ligands. These new complexes have been characterized 
both in solution (IR, NMR spectroscopy) and the solid 
state (X-ray crystallography; R = H, L = PPh,; R ='Bu, 
L = P(OPh),). The data have been compared with ear- 
lier studies reported on (n°-C,H,R)Fe(COXL)I (R =' 
Bu) complexes [6]. 

It is to be noted that numerous transition-metal com- 
plexes containing the C,Me,R ligand have been re- 
ported in the literature, e.g. R= menthyl [11], neo- 
menthyl [11], CCH Ph)Et [12], bridging group (i.e. of 
type (C,Me,),X, [9,13,14])) (CH,),CH = CH, [15], H 
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[16], CH,X [17-20], CH, [21,22], etc. The C,Me,R 
ligands have also been synthesized directly, by deproto- 
nation of (n°-C;Me,)ML, complexes and from organic 
fragments in which the metal acts as a template [23-25]. 
To our knowledge, this latter method is the only re- 
ported method for synthesizing the C,Me',Bu ligand 
[22e]. 


2. Experimental section 
2.1. General procedures 


All experimental procedures were carried out under a 
dry nitrogen atmosphere, in dry deoxygenated solvents. 
The solvents were distilled and dried by standard proce- 
dures. A 100-W Hanovia UV irradiation lamp was used 
for photochemical reactions. Chromatography was car- 
ried out on Merck silica gel 60 (particle size, 0.063- 
0.200 mm). The 2,3,4,5-tetramethylcyclopent-2-enone 
and Mo(CO), were obtained from Fluka. The Fe(CO),, 
Fe,(CO), and [(n°-C,H,)Fe(CO), ], were obtained from 
Strem Chemicals. The ligands were obtained from vari- 
ous sources. C;Me,H, was prepared according to a 
literature method [9]. 

Melting points were determined on a Koffler micro 
hot-stage apparatus and are uncorrected. Infrared spec- 
tra were recorded on a Bruker IFS 88 FT—IR spectrome- 
ter, using NaCl solution cells. NMR spectra were 
recorded on a Bruker AC 200 NMR spectrometer, as 
C,D, solutions. The numbering system used is indi- 
cated in Fig. 1, with protons numbered in relation to the 
ring-carbon numbering system. Microanalyses were per- 
formed by the Division of Energy Technology, CSIR, 
Pretoria, South Africa. 


Table 1 
Analytical and spectroscopic data for (n°-C,Me,R) complexes of iron 


R 


——_— 
Me,; Me;, 


Fig. 1. Numbering scheme used for the °-C,Me,R ligands. 


2.2. Synthesis of [(n°-C,Me,H)Fe(CO),], 


Fe,(CO), (24.5 mmol, 8.93 g) was added to a solu- 
tion of C,;Me,H, (24.5 mmol, 3.00 g) in 100 ml 
benzene, and stirred at room temperature, under a nitro- 
gen atmosphere. Further Fe,(CO), was added after 17 h 
(11.0 mmol, 4.00 g) and 24 h (13.5 mmol, 4.93 g). The 
mixture was stirred for another 24 h, after which it was 
filtered through celite. The solvent was removed and the 
product purified by partial dissolution of the material in 
hexane, and filtration through celite. The residue was 
extracted with benzene, and recrystallized from benzene 
to give [(m°-C,Me,H)Fe(CO),],. Further product was 
obtained by recrystallization from the hexane fraction. 
(Total yield: 2.30 g, 40.3%). [(m°-C,Me,H)Fe(CO), ], 
was obtained as a purple-brown to rust-brown solid. H 
NMR: 6 1.59 (s, 6H, Hy s1/H31,41)5 1.73 (s, 6H, 
Hy; 5;/H3;.41), 3.75 (s, 1H, H,). "°C NMR: 6 8.81 (s, 
C1 51/C31,41), 10.48 (8, C2 5;/C31,4:), 87.60 (s, C,), 
99.24 (s, C,5/C3,4), 99.69 (s, C,;/C,,), 245.51 (s, 
CO). See Table 1 for further analytical and spectro- 
scopic data. 


2.3. Synthesis of (n°-C,Me,H)Fe(CO),1 


[(n°-C,Me,H)Fe(CO),], (4.29 mmol, 2.00 g) was 
dissolved in 100 ml chloroform, in a 500 ml round-bot- 





Complex M.P. IR * Analysis ° 
(°C) prove A Cc H 
om (%) (%) 


1929, 1753 56.59 (56.69) 5.58 (5.62) 
2023, 1976 36.45 (36.70) 3.51 (3.64) 








[(n°-C, Me, H)Fe(CO), }, 
(n°-C,Me,H)Fe(CO),1 
(n°-C,Me, H)Fe(COXL)I 
L = PPh, 

L = P(OMe), 

L = PBz, 

L = P(O-0-Tol), 

L = P(O-'Pr), 

L=PMe, 

[(m°-C, Me’, Bu)Fe(CO), }, 
(n°-C,Me', Bu)Fe(CO), | 
(n°-C,Me', Bu)Fe(COXL)I 
L = PPh, 


163 (dec) 
68.5-69 


148-151 1932 
124-126 1942 
112-115 1929 
109-111 1957 
76-78 1933 42.51 (42.25) 
125.5-—127 1926 - 

180 (dec) 1923 
163-164 2017 


56.06 (56.59) 
34.06 (34.24) 


4.61 (4.75) 
4.81 (4.86) 
54.17 (54.41) 4.92 (5.01) 
6.43 (6.34) 


43.07 (43.30) 5.05 (5.09) 


145-148 1921 - - 
L = P(OMe), 100.5-102.5 1934 
L = P(OPh), 112.5-115 1954 


* Recorded in CH,Cl,. * Calculated values in parentheses. 


5.01 (5.20) 


54.51 (55.04) 
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Table 2 
Experimental details for the reaction: (n°-C,Me,H)Fe(CO),1 + L - (n°-C,Me, H)Fe(COXL)I + CO 


PBz, P(O-o-Tol), 
Catalyst * 1 
Reaction time (h) 17 
Yield (%) 22 
Chromatography Hexane / 
eluent CH,Cl, 
Recrystallisation Hexane / 
solvent CH,Cl, 











* 1 =[(n°-C,H,)Fe(CO), },, 2 = [(m°-C, Me, H)Fe(CO), }, 


tom flask. I, (4.29 mmol, 1.09 g) was dissolved in 100 
ml chloroform, and approximately 75 ml of the iodine 
solution was added to the solution, which was stirred at 
room temperature under a nitrogen atmosphere. The 
reaction was monitored by IR spectroscopy. On comple- 
tion of the reaction, the solution was washed with a 
saturated sodium thiosulphate solution (to remove ex- 
cess I,) and water, and dried with anhydrous MgSO,, 
and the solvent was removed to yield a black oil (3.22 
g). The product was purified by column chromatogra- 
phy (silica gel, hexane, and 3:1 hexane:dichloromethane 
mixtures as eluents) and obtained as a brown-black 
solid (2.36 g, 76% yield). 'H NMR: 6 1.45 (s, 6H, 


Hy 51/Hs1,41)s 1.49 (s, 6H, Hy 5,/Hs,,41), 3.60 (s, 1H, 
H,). 


C NMR: 6 10.12 (s, C3; 5;/C3;,4,), 11.72 (s, 
Coy 51 /C33,41)s 80.91 (8, C,), 96.26 (s, C,./Cs,,), 98.47 


Table 3 


(s, C,;/C3,), 216.03 (s, CO). See Table 1 for further 
analytical and spectroscopic data. 


2.4. Synthesis of (n°-C,Me,H)Fe(COMLI 


The compounds (n°-C,Me,H)Fe(COXL)I, (L = 
P(OMe),, PPh,, PBz,, PMe,, P(O-'Pr), and P(O-o- 
Tol),) were all synthesized by approximately the same 
procedure, outlined below. (n°-C,Me,H)Fe(CO),I (0.5 
mmol, 0.18 g), L (0.55 mmol) and approximately 15 mg 
catalyst ([(m°-C,Me,H)Fe(CO),], or [(n°-C.- 
H,)Fe(CO),],) were heated together under reflux in 
benzene (20 ml), for 1 to 24 h. The reactions were 
followed by thin-layer chromatography. The reaction 
solvent was removed on a rotary evaporator and the 
product purified by column chromatography (silica gel) 


'H NMR data for (n°-C,Me,R)Fe(COXL)I (R = H, ‘Bu) complexes of iron * 





L 5H,” 5H,” 


5H," 5H, 





R=H 

P(OMe), * 4.00 (3.4) 1.50 
PMe, * 3.35 (6.7) 1.19 (1.0) 
P(O-'Pr), ° 4.19 (3.6) 1.51 (1.1) 
PPh, ‘ 2.97 (4.3) 

P(O-o-Tol), ® 3.78 (5.3) 

PBz, * 2.70 (3.3) 

R = ‘Bu 

P(OMe), . 

PPh, * 


1.64 (1.5) 1.87 (1.8) 
1.66 1.99 (1.0) 
1.67 (1.3) 1.89 (2.2) 
1.72 (1.1) 2.10 
1.62 (2.7) 2.06 (1.8) 
1.55 (0.8) 1.95 


1.60 (1.1) 1.88 (0.5) 2.26 (1.9) 
1.71 (1.2) 1.86 (0.4) 2.25 (2.2) 
0.82 1.21 2.47 





* Recorded in C,D,. 5, in ppm, relative to SiMe,. 

” Jyp, in Hz, given in parentheses. 
© P(OMe),: 3.47 (d, 9H, Jp.y = 10.8 Hz, KOCH,),) 
* PMe,: 1.16 (d, 9H, Jp, = 9.4 Hz, P(CH,),) 


© P(O-'Pr),: 1.21 (d, 9H, Jy, = 6.1 Hz, PPOCH(CH,XCH,)),), 1.23 (d, 9H, Jy. = 6.1 Hz, PlOCH(CH,XCH,)),), 4.84 (d of septets, 3H, 


Jon = 8.6 Hz, Jun = 6. 1) P(OC H(CH,XCH,)), 
' PPh,: 6.99 (m, 9H, H,,., of Ph), 7.83 (m, 6H, H, of Ph) 
. * P(O-0-Tol);: 2.37 (s, oH, P(O-0-CH,C,H,), 6.78 (m, 9H, H,, 
* PBz,: 3.39 (dd, 3H, Jp = 9.8 Hz, Jy = 
(m, 15H, P(CH,H,C,H,),) 


' P(OMe),: 3.46 (d, 9H, Jp, = 10.5 Hz, KOCH,),) 


» of Ph), 7.58 (d, 3H, Jp.y = 8.1 Hz, H, of Ph 
14.7 Hz, (CH,H,C.H,),), 3.60 (dd, 3H, Jp. = 6.4 Hz, Jy. y = 


= 14.6 Hz, (CH, H,C,H,),), 7.05 


, OPH): 6.79 (m, 3H, H, of Ph), 6.95 (m, 6H, H,, of Ph), 7.36 (m, 6H, H, of Ph). 


* PPh,: 6.99 (m, 9H, H,, > of Ph), 7.85 (m, 6H, H, “of Ph) 
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and recrystallization. For more details, see Table 2: also 
see Table 1 for the analytical and spectroscopic data, 
Table 3 for the 'H NMR data and Table 4 for the °C 
NMR data of these new compounds. 


2.5. Synthesis of tert-butyl-tetramethylcyclopentadiene 
(C, Me‘, BuH) 


2,3,4,5-Cyclopent-2-enone (25.0 mmol, 3.46 g) and 
20 ml dry diethyl ether were placed in a flame-dried 
100 ml round-bottom flask, with a stirrer bar. The 
solution was cooled to — 78°C, with stirring, and ‘BuLi 
(27.5 mmol, 1.7 M, 16.2 ml) was added dropwise via a 
syringe. The reaction mixture was stirred at — 78°C for 
1 h, quenched by the addition of water (approximately 1 
ml), and allowed to warm up to room temperature 
slowly (1 h). A few drops of concentrated H,SO, were 
added, the reaction mixture stirred for a further 15 min, 
washed with concentrated sodium bicarbonate solution, 
and then twice by water. The organic layer was then 
dried with anhydrous MgSO,, and the solvent was 
removed (crude yield, 3.91 g). The product was purified 
by column chromatography (silica gel, eluent hexane). 
The clear to light-yellow product eluted rapidly, as two 
bands, corresponding presumably to different isomers of 
the substituted cyclopentadiene (2.95 g, 66% yield). 
C,Me', BuH (isomeric mixture). 'H NMR: 6 0.86-0.88 


Table 4 
‘°C NMR data for (n°-C,Me,H)Fe(COXL)I * 


(singlets, C,Me', BuH), 0.94—1.57 (singlets, CMe’, Bu- 
H), 1.9—2.6 (multiplets, C;Me', Bu). 


2.6. Synthesis of [(n°-C,Me', Bu)Fe(CO),], 


The dimer was obtained from the reaction between 
the cyclopentadienyl ligand and Fe(CO),. Tert-butyl-te- 
tramethyl-cyclopentadiene (10 mmol, 1.78 g) and 
Fe(CO), (30 mmol, 5.88 g) were heated together under 
reflux in octane (70 ml) for three days. The reaction 
mixture was cooled to room temperature, and filtered 
under a nitrogen atmosphere through a very thin layer 
of celite (about 1 cm thick and about 5 cm diameter), 
with benzene and dichloromethane as solvents. Red- 
purple crystals separated after partial removal of the 
solvent (0.44 g, 15% yield). [(n°-C,Me', Bu)Fe(CO), },. 
'H NMR: 6 1.50 (s, 6H, H, 5;/ H5;.4;), 1.56 (s, 9H, 
‘Bu), 1.83 (s, 6H, H,, <;/H,4,). See Table 1 for 
further analytical and spectroscopic data. 


2.7. Synthesis of (n°-C, Me‘, Bu)Fe(CO),1 


The dimer, [(n°-C,Me',Bu)Fe(CO),], (0.78 mmol, 
0.45 g), was dissolved in 30 ml chloroform. I, (0.78 
mmol, 0.20 g), in chloroform (40 ml), was added in 
small portions, over a period of 3.5 h. During this time, 
the mixture was stirred at room temperature under a 





L 8 Cy 8 C,, 


8 C.-C, ° 8co° 





R=H 
P(OMe), ° ; 9.96 


PMe, ¢ 10.18 
P(O-'Pr), ° 10.05 
PPh, ‘ 10.53 
P(O-0-Tol), ® 9.79 


R= ‘Bu 


P(OMe), " 13.36 10.24 11.28 15.48 
P(OPh), ! 13.52 10.53 11.41 15.62 


85.11, 95.83(3.6) 
93.85, 98.27(4.7) 
77.92, 94.38(2.5) 
91.24, 98.82(4.5) 
82.24, 96.26(3.4) 
94.54, 97.01(5.6) 
86.70, 91.25(3.4) 
95.32, 100.10(1.6) 
86.41, 93.48(6.1) 
94.22, 103.54(4.6) 


221.95(44.2) 
221.81(32.5) 
222.50(45.5) 
223.86(29.8) 
221.32(41.6) 
86.55, 93.30 


95.12, 95.87 
*, 99.38(4.5) 





* Recorded in C,D,. 5, in ppm, is relative to C,D, (central peak at 128.03 ppm) 


Jor» in Hz, are given in parentheses. 
© P(OMe),: 53.40 (d, Je.p = 5.9 Hz, KOCH,),) 
* PMe,: 20.54 (d, Je.» = 29.9 Hz, P(CH,),) 


* P(O-'Pr),: 24.22d, Jc.p = 2.9 Hz, P(OCH(CH,XCH,)),), 24.26 (d, Joy = 1.8 Hz, P(OCH(CH,XCH,)),), 70.52 (4, Joep =68 Hz, 


P(OCH(CH,)CH,)},) 


 PPh,: 128.14 (s, C,, of Ph), 129.88 (s, C, of Ph), 134.70 (d, Jc.p = 9.5 Hz, C, of Ph), 136.77 (d, Jc.p = 40.0 Hz, C, of Ph). 
* P(O-0-Tol),: 17.61 (s, P(O-o-CH,C,H,), 120.61 (d, Jc.» = 3.7 C,H of Ph), 124.50, 126.80, 131.74 (singlets, C,,,, of Ph), 129.76 (d, 


Jo.p = 5.4 Hz, C,Me of Ph), 151.52 (d, Je.» = 12.7 Hz, C; of Ph) 


* P(OMe),: 53.45 (d, Je.p = 6.6 Hz, KOCH,),); 8 C(CH,), = 32.28, 8 C(CH,), 33.70 


" not observed 


) PCOPh),; 121.71-129.63; 6 C(CH,), = 32.23, 8 C(CH,), 33.74. (m, P(OPh);: C..m,9s 152.74 (d, Je.p = 13.5 Hz, PCOPh),: C 


= 
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nitrogen atmosphere, and the reaction was monitored by 
IR spectroscopy. The appearance of the carbonyl 
stretching peaks for the iodo derivative (»(CO) 
(CH,Cl,) = 2017, 1971 cm™~'), and the disappearance 
of the carbonyl peaks of the dimer (7(CO) (CH,C1,) = 
1923, 1747 cm™') indicated the progress of the reac- 
tion. When all the dimer had reacted, the mixture was 
washed twice with concentrated sodium thiosulphate, 
and then twice with water. The chloroform layer was 
dried with anhydrous MgSO,, and the solvent was 
evaporated off (crude yield 0.64 g). The product was 
purified by column chromatography (silica, hexane 
(100%) to hexane:dichlomethane mixtures (up to a ratio 
of 3:2), as eluents). The product recrystallized from the 
solvent as the solvent was partially removed on the 
rotary evaporator and the fine red-brown crystals were 
filtered off (0.56 g, 86% yield). (n°-C,Me'Bu)Fe 
(CO),1. 'H NMR: 6 1.12 (s, 9H, ‘Bu), 1.61, 1.73 (s, 
6H, H., 5;/ H5,4,:). “C NMR: 6 10.79 (s, C,, 5;/ 
C5, 41), 13.73 (8, Co) 5;/C,,41), 32.16 (s, CCCH,),), 
33.26 (s, C(CH,),), 97.52 (s, C;/C,./C34), 98.67 (s, 
C,/C,5/C3,4), 101.10 (s, C,/C,,/C,,), 216.83 (s, 
CO). See Table 1 for further analytical and spectro- 
scopic data. 


2.8. Synthesis of (n°-C, Me‘, Bu)Fe(COML)I 


2.8.1. Catalytic procedure 

(n°-C,Me', Bu)Fe(CO), 1 (0.50 mmol, 0.21 g), L (0.55 
mmol) and about 10 mg catalyst, [(n°-~C,H,)Fe(CO), ],, 
were heated under reflux in 25 ml benzene. The reac- 
tions were followed by thin-layer chromatography. 


2.8.1.1. L = P(OMe),. All the starting material, (n°- 
C,Me', Bu)Fe(CO),1, was used up after 18 h, and the 
product, (n°-C,Me',Bu)Fe(COXP(OMe),}I, was ob- 
tained as a dark brown solid (0.10 g, 39% yield) after 
purification by column chromatography (silica gel, hex- 
ane /benzene mixtures as eluent). 


2.8.1.2. L=PPh,. The desired product, (n°- 
CMe’, Bu)Fe(COX PPh, )I, could not be obtained in sig- 
nificant yield, even after two days reaction time. How- 
ever, the ‘‘catalyst’’ formed a product, (n°-C,H,) 
Fe(COXPPh, JI. 


2.8.1.3. L = P(OPh),. The desired product was formed 
in very low yield, after a two-day reaction. The reaction 
mixture was purified by column chromatography (silica 
gel, hexane/ dichloromethane mixtures as eluent), 
which separated excess P(OPh),, unreacted starting ma- 
terial, (n°-C,Me',Bu)Fe(CO),1 (0.03 g), product, (n°- 
C,;Me', Bu)Fe(COXP(OPh),}1 (0.03 g), and ‘‘catalytic 
product’, (n°-C,H,)Fe(COXP(OPh),}I (0.05 g). 


2.8.2. Photochemical reaction 

(n°-C, Me’, Bu)Fe(CO), I (0.200 mmol, 0.0832 g) and 
L (0.240 mmol), dissolved in THF (40 ml), were irradi- 
ated with UV light. The reactions were followed by 
thin-layer chromatography, which indicated completion 
of reaction after 2.3 h (L=PPh,) and 18 h (L= 
P(OPh),). The products were purified by column chro- 
matography (silica gel, hexane:CH,Cl, = 9:1 to 6:4 as 
eluent). (n°-C,Me',Bu)Fe(COXPPh,)I was obtained as 
a light brown solid by recrystallization from toluene at 
0°C. (n°-C,Me', Bu)Fe(CO){P(OPh),}I was obtained as 
a green solid by recrystallization from CHCl, /hexane 
at room temperature. See Table 1 for the analytical and 
spectroscopic data, Table 3 for the 'H NMR data and 
Table 4 for the “C NMR data of these (n°- 
C,Me', Bu)Fe(COXL)I compounds. 


2.9. Crystal structure determination 


Single crystals of (n°-C,Me,H)Fe(COXI1) (PPh,) (1) 
and (»°-C,Me',Bu)Fe(COX1[P(OPh),] (2) were ob- 
tained by recrystallization from CH,Cl,/hexane at 0°C 
and were mounted on glass fibres. Crystallographic 
analyses were based on room-temperature X-ray diffrac- 
tion data collected with an Enraf—-Nonius CAD4 four- 
circle single-crystal diffractometer, using graphite- 
monochromated Mo Ka radiation. Cell constants were 
measured and refined from 25 accurately measured 
reflections in the range 15° < @ < 20°. Standard reflec- 
tions were measured every hour of exposure time. Each 
data set was corrected for crystal decay and Lorentz- 
polarization effects. Data reduction was done using the 


Table 5 
Crystallographic data for 1 and 2 


Chem. formula FeC ,H>,OPI 
FW. 594.254 698.361 
Cryst. systems Monoclinic Monoclinic 
Space group C2/c P2, /c 
a(A) 23.863(3) 20.695(2) 
b(A) 15.353(2) 8.74366) 

c (A) 17.5602) 17.632(3) 

v (A) $100.8(13) 3132.71(63) 
a (deg) - 
B (deg) 127.547(10) 
y (deg) - 

z 8 

dx. (g em™*) 1.547 
TCC) 2342 

2a range (deg) 6-54 

No. of data colld. 5768 

No. of data observed 3171 

No. of variables 264 

R* 0.047 

R.* 0.039 


*R=CI/F,|-IF.11°R, =D0F|- IF lw’? /00 8 | w'/?) 





FeC,,H 4,0, Pl 


100.93(1) 
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XTAL suite of programs [26]. Analytical absorption cor- Table 7 
rections using the NRCVAX suite of programs [27] were Fractional coordinate and isotropic displacement parameters of the 
applied to both data sets. Unit-cell parameters and acatgengen cme of umaee S 
details of the data collections are given in Table 5. . y U 

The structures of 1 and 2 were solved by Patterson ¥ prt penne pont A ae 

: .21625(S . J " +0. 

methods, and subsequent Fourier synthesis revealed the » rpm 0.2857(2) 0.149313)  +*0.0367(9) 
remaining non-hydrogen atoms. Refinement was carried o(1) 0.26915) 0.428714) 0.0895(7)  *0.050(2) 
out using full-matrix least-squares calculations in which ov) 0.3248(4) 0.3393(4) 0.222K7)  +0.045(2) 
the hydrogen atoms (except the H1 cyclopentadieny! O03) 0.3195(5) 0.172% 4) 0.1168(7)  *0.057(2) 
ring atom) were included at calculated positions. All the cu) 0.07547) 0.1372(6) 0.11101) = * 0.036(2) 
non-hydrogen atoms were refined anisotropically for C2) -O.113K7) 0.000616) 0.1251) 0.032) 


C(3) 0.1657(7) 0.007%7) 0.082(1) *0.051(2) 
structure 1. For structure 2 the phenyl carbon atoms C4) 0.15897) 0.14177) 0.03711) + 0.0592) 


were not refined anisotropically, although the remaining Cs) 0.1056(7) 0.2224(6) 0.0531) —_ *0.047(2) 


ee 


non-hydrogen atoms were. The phenyl rings were re- C(6) 0.0124(9) 0.1633(7) 0.137) —- *0.074(2) 
fined as rigid bodies for both 1 and 2. The R values (7) -0.02168) 0.315%7) 0.1170) — *0.084(2) 
converged to 0.047 and 0.071 for structures 1 and 2 C18) 0.02007) 0.154607) 0.2271) + 0.0712) 
; . C9) —0.0401(9) 0.04207) 0.1011) — *0.08%2) 
respectively. All calculations were performed using the C110) 0.103%7)  —0.140006) 0.1711) _+0.057(2) 
SHELX set of programs [28]. C1) ~—-0.2178(7) -- — 0.120316) ~=—-0.076(1) — * 0.065(2) 
Final positional parameters are found in Tables 6 and C2) ~—s-:0.193.4(6) 0.17856) 0.02811)  +*0.059%(2) 

7, and selected bond lengths and angles for 1 and 2 are C13) =—-0.0833(7) 0.37277) 0.0111)  —*0.074(2) 
given in Table 8. Figs. 2 and 3, obtained using ORTEP C114) 0.1498(9) 0.37806) 0.191) + 0.07212) 


04) 0.13207) —«0.4815) 0.21408) «+ 0.0922) 
[29], show the structures of 1 and 2. C(2b) 0.353514) 0.38923) 0.35566) —-0.057(2) 


Details of crystallographic parameters, a table of = (3h) ~— 0.35164) 6.482713) 0.41936) 0.0913) 
C(4b) 0.3152(4) 0.6180(3) 0.4102(6) 0.102(3) 

C(Sb) 0.280714) 0.6598(3) 0.3376) 0.0893) 

Table 6 C(6b) 0.2826(4) 0.5664(3) 0.27366) 0.083(3) 
Fractional coordinates and isotropic displacement parameters of the C(1b) 0.31894) 0.4311(3) 0.2828(6) 0.0492) 
non-hydrogen atoms of structure 1 C(2a) 0.3367(4) 0.4487(3) —0.0075(6) 0.057(2) 
C(3a) 0.3904(4) 0.51133) — 0.03406) 0.0743) 
. C(4a) 0.4318(4) 0.6147(3) 0.0121(6) 0.072(2) 

0.67146(2) —0.51621(3)_ 0.40714(3) + 0.0623) C(Sa) 0.419544) —0.6555(3) —-0.0845(6) ~—-0.075(3) 
0.685564)  0.48866(5) 0.27111(5)  +*0.0383(4) C(6a) 0.36594) 0.5930(3) 0.110%6) 0.065(2) 
0.80402(7) 0.495499) 0.373001) * 0.0354(7) Cla) 0.3244(4) 0.4896(3) 0.064%6) 0.039(2) 
0.6762(3) 0.307713) —-0.2897(3) * 0.073(4) C(2c) —-0.4349(3) 0.1453(3) 0.1264(6) 0.0592) 
0.6655(3) 0.50905) 0.14124) * 0.063(4) Cc)  0.4944(3) 0.0784(3) 0.1608(6) 0.084(3) 
0.67063)  0.591%4) 0.177714) * 0.0564) Cl4c) 0.49663) + -0.02323) 0.22226) 0.07713) 
0.618203) 0.5974) 0.188214) = * 0.05714) CSc) 0.439103)  —0.0578(3) 0.24926)  —0.085(3) 
0.58053) 0.517165) 0.158014) —_ 0.06444) C{6c) 0.37963) 0.00913) =~ 0.2148(6) ~—_:0.067(2) 


0.60873) 0.463714) = 0.125715) + 0.067(4) Clic) —0.3775(3) 0.1107(3) 0.15346) 0.051(2) 
0.7168(4) 0.6655(5) 0.1884(6) * 0.0996) 


0.6005(4) 0.6785) 0.2186(6) *0.113(7) 
0.5152(3) 0.495%7) 0.151716) *0.13107) 


0.57985) 0.3756) §=—_-0.0768(6) + 0.137) anisotropic thermal factors, and a complete list of bond 
0.68403)  0.3738(5) 0.287814) ~—-* 0.054(4) 


0.8466(2)  0.5866(2) 0.45883) + 0.037(3) distances and angles for each structure have been de- 
0.91842) 0.58442) 0.53633) *0.047(4) posited at the Cambridge Crystallographic Data Centre. 
0.9497(2) 0.6551(2) 0.5990(3) — + 0.055(4) 
0.9092(2) 0.727% 2)  0.5844(3) — +0.061(5) 


0.8374(2) 0.7301(2) 0.506%3) * 0.064(5) 3. Results and discussion 
0.8061(2) 0.6594(2) 0.4441(3) *0.053(4) 


0.85062) 0.401503) 0.45203) —- + 0.0444) 

0.9094(2) 0.3653) 0.465403) —-*0.058(4) 3.1. Synthesis 

0.94302) 0.29303) 0.52493) — *0.081(5) 

0.91742)  0.2568(3)  0.5718(3) + 0.08%(6) The reduction of 2,3,4,5-tetramethylcyclopent-2-en- 
— Se one by LiAIH,, followed by acid-catalysed dehydration, 
pce rte ae as yielded tetramethylcyclopentadiene [9]. This ligand was 
0.828712) 0.43522) (0.2466(3) + 0.05344) reacted with Fe,(CO), and produced [(n°- 
0.8565(2) 0.437% 2) 0.196013) * 0.0695) C,Me,H)Fe(CO),], as purple-brown crystals. The 
0.9002(2) 0.5066(2) 0.210403) + ~— *0.077(5) cleavage of this dimer with iodine gave a high yield of 
0.9162(2) 0.572712) 0.2754(3) — *0.074(5) dark-brown crystals of (n°-C,Me,H)Fe(CO),I. Reac- 
SS ew Se ae tion of (n°-C,Me,H)Fe(CO),I, with L (L = P(OMe),, 
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Fig. 2. orTEP plot of 1 (side view). 


P(O'Pr),) in the presence of [(n°-C,Me,H)Fe(CO),]}, 
as catalyst gave the required product (Table 2). The 
larger phosphite, P(O-o-Tol),, and the phosphines PMe,, 
PPh, and PBz, required the more active catalyst, [(n’- 
C,H,)Fe(CO),],, to produce the required substituted 
complex. No reaction between (n°-C,Me,H)Fe(CO)I 
and L was observed in the absence of catalyst under 
similar reaction conditions. Presumably electronic and 
steric arguments account for these observations. 

When [(n°-C,H,)Fe(CO),], was used as the cata- 
lyst, both (7°-C,H,)Fe(COXL)I and the dimer [(n°- 
C,Me,H)Fe(CO),], were formed as side-products, as 


Table 8 
Comparison between bond lengths and bond angles for 1, 2 and 3 


Fig. 3. ortEP plot of 2 (side view). 


detected by NMR spectroscopy. The formation of these 
products from the catalyst, [(m°-C,H,)Fe(CO),],, dur- 
ing thermal reaction between (n°-C,Me,H)Fe(CO),I 
and L, can be readily rationalized by a radical mecha- 
nism: 
[CpFe(CO),], # [CpFe(CO),] - 
[CpFe(CO),] - + L + [CpFe(CO)(L)] - + CO 
[CpFe(CO)(L)] - + [Cp’'Fe(CO),1] 

—> [CpFe(CO)(L)I] + [Cp’Fe(CO),] - 








Cp *: C-C (A) 
Cp *: C-Me (A) 
Cp *: C-"Bu (A) - 


1.37(1)—1.43(1) ° 
1.50(1)-1.53(1) 


Fe—Cen (A) 
Fe-CO (A) 
c-0 (A) 
Fe-1 (A) 
Fe-P (A) 


1.737 

1.792(7) 
1.036(9) 
2.641(1) 
2.245(2) 


1.38(2)—1.50(2) * 1.385(8)—1.425(8) 
1.49(2)—1.57(2) - 

1.50(2) 1.522(7) 

1.741 1.731 

1.794(13) 1.76%6) 
1.06916) 1.095(6) 

2.59% 19) 2.618(1) 

2.144) 2.234(1) 


172.5(5) 176.412) 178.5) 
121.2 122.1 127.2 
121.6 122.1 120.0 
128.3 125.9 123.1 


Fe—C-O (deg) 
Cen-Fe-CO (deg) 
Cen—Fe-I (deg) 
Cen—Fe-P (deg) 

* Cp = cyclopentadieny! 
 C1-C2, 1.391(11); C2-C3, 1.374(13); C3-C4, 1.430(10); C4—CS, 1.383(11); C5-C1, 1.396(12). 
© C1-C2, 1.427(15); C2-C3, 1.430(20); C3-C4, 1.40%15); C4—CS, 1.382(18); C5-C1, 1.504(17) 
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2[Cp’Fe(CO),] - @ [Cp'Fe(CO),],, and 


[Cp’Fe(CO),] - + L > [Cp’Fe(CO)(L)] - + CO 


etc., where Cp = n°-C,H, and Cp’ = n°-C,H,Me. 

Successful synthesis of the free tert-butyltetrameth- 
ylcyclopentadiene ligand was achieved in this study by 
the reduction of 2,3,4,5-tetramethylcyclopent-2-enone 
with ‘BuLi at low temperature (— 78°C), followed by 
hydration to the tertiary alcohol. Water was eliminated 
from this alcohol by acid-catalysed dehydration, to give 
the desired product. Tert-butyltetramethylcyclo- 
pentadiene was obtained as a light-yellow liquid after 
purification by column chromatography. Vacuum distil- 
lation led to decomposition of this material, with the 
formation of a very-high-boiling, darker residue over 
time. 

[(°-C,, Me’, Bu)Fe(CO),], was obtained by the ther- 
mal reaction between Fe(CO), and tert-butyltetrameth- 
ylcyclopentadiene in octane. In contrast with the analo- 
gous tetramethylcyclopentadieny! dimer, [(n°-C,Me,- 
‘Bu)Fe(CO),], appeared to decompose very easily, es- 
pecially in solution. Attempts to produce the dimer 
using Fe,(CO), at room temperature gave low yields of 
[(n°-C, Me‘, Bu)Fe(CO), ], together with large quantities 
of Fe,(CO),, which proved difficult to remove from the 
dimer. The iodo derivative, (m°-C,Me',Bu)Fe(CO), I, 
was obtained from the dimer by standard procedures, as 
fluffy red-brown crystals, in high yield. 

The ligand-substitution reaction, (°-C.- 
Me', Bu)Fe(CO), 1 + L — (m°-C, Me! Bu)Fe(COXL)I (L 
= PPh,, P(OMe), and P(OPh),), was attempted by the 
catalytic procedures described above for (n°- 
C,Me,H)Fe(CO), I. This method only gave the required 
product for L=P(OMe),, and then only when the 
catalyst [(m°-C,H,)Fe(CO),], was used. The use of this 
catalyst in reactions with L= PPh, and P(OPh), led 
mainly to the formation of (n°-C,H,)Fe(COXL)I. How- 
ever, the desired products of the carbonyl substitutions 
reactions, (7°-C;Me',Bu)Fe(COXL)I, were obtained 
successfully and cleanly when the reagents (n°-C,Me, 
' Bu)Fe(CO), 1 and L (L = PPh,, P(OMe), and P(OPh),) 
were reacted photochemically. 

All the above complexes containing the C;Me,H and 
C.,Me', Bu rings were characterized by melting points, 
micro-analyses and IR and NMR spectroscopy. As ex- 
pected, the carbonyl stretching frequencies in the in- 
frared spectra of the complexes containing C,Me,R 
rings occurred at higher wavenumbers for C,;Me,H 
than for C,Me',Bu. X-Ray crystallographic studies on 
[(m°-C,Me,H)Fe(COXMPPh,)I and (n°-C,Me'Bu)Fe 
(COXP(OPh),]I)] also confirmed the structures of the 
new complexes (see below). 

NOE spectroscopy was also used to assign ring 
atoms (C and H) to specific resonances to enable con- 
formational properties to be deduced. 


S 























75 65 55 45 35 25 15 
PPM 

Fig. 4. NOE spectra for (n°-C,Me,H)Fe(COXP(O-o-Tol),}I. Curve 
(a), non-irradiated spectrum: 0, m, p, Me are the ortho-, meta-, 
para-hydrogen and methyl signals of P(O-o-Tol),, x is an impurity 
peak, S is the solvent (deuterated benzene) peak, 1, 21-51 are the 
cyclopentadieny! ring protons. Curves (b)—(g), irradiation of (b) H,, 
(c) Me, (d) H,,, (e) Hs), (f) H,, (g) H,). 


3.1.1. (n°-C,Me,H)Fe(COMLI 

The 'H NMR spectra of the (n°-C,Me, H)Fe(COXL)I 
complexes (Table 3) show four separate resonances for 
the four methyl groups (H,,—H,,), and an additional 
absorption for H, (See Fig. 1 for cyclopentadienyl ring 
numbering scheme). A typical 'H NMR spectrum ((n°- 
C,Me,H)Fe(COXP(O-o-Tol),}1) is shown in Fig. 4, 
curve (a). The four ring-methyl proton absorptions oc- 
cur in the 1.0—2.1 ppm region, and are well separated, 
with up to three methyl groups coupled to phosphorus. 
Ring-methyl groups were assigned by means of NOE 
spectroscopy. For example, irradiation of the H, reso- 
nance led to the growth of two methyl group resonances 
only, and these can be assigned to the H,, and H,, 
protons (Fig. 4, curve (b)). The spectra of the com- 
plexes with L = P(OMe),, PPh,, P(O-o-Tol), and PMe, 





K.E. du Plooy et al. / Journal of Organometallic Chemistry 508 (1996) 231-242 239 


were also assigned by NOE spectroscopy, while, for 
L=PBz, and P(O'Pr),, assignments were made by 
comparison with the other spectra. 

The chemical shift of H, reflects the electronic na- 
ture of L. When L is a phosphine, the chemical shift of 
H, occurs in the 2.70—3.35 ppm region, and, when L is 
a phosphite, H, is more deshielded, and its resonance 
occurs in the 3.78—4.19 ppm region. 

Assignment of the four separate methyl-carbon reso- 
nances, C,, to C,, (Table 4), was achieved by the use of 
CH-correlated spectra. The ring carbons C, to C, ap- 
peared as five different resonance groups in the ‘°C 
NMR spectra. The C, resonance could be recognized by 
its higher intensity relative to the other four resonances. 
However, since all four of the carbons C, to C, were 
attached to other carbon atoms (C,, to C,,), CH-corre- 
lated spectra did not distinguish between the four differ- 
ent resonances. Hence definite assignment of C, to C, 
was not possible. Generally two of these resonances 
were coupled to the P atom of ligand, L, and two of 
them were not. Although it is tempting to use this 
coupling information to assign the C,—C, resonances, 
the °C NMR data for the (°-C, Hi Bu)Fe(COXL)I 
complexes has revealed that no simple correlation exists 
between phosphorus and the coupling of the cyclopenta- 
dienyl ring carbons [6]. 

We have shown previously that, for the (n°- 
C,H Bu)Fe(COXL)I series, a correlation exists be- 
tween the size of L and the NMR parameter A(H ,—H,). 
However, for both the 'H and °C spectra of the (n° - 
C,Me,H)Fe(COXL)I complexes (Tables 3 and 4), no 
correlation could be obtained between the separation of 
the peaks and the steric size of the ligands L. This 
relates to the small spectral ranges in which their methyl! 
resonances occur (5 1.07—2.10 ppm for H,,—H,, and 6 
9.79-12.71 ppm for C,,—C.,). Similar observations 
were noted for related ruthenium complexes [30]. It is 
unfortunate that the resonances of C,—C, could not be 
unequivocally assigned, since their proximity to L would 
make them much better at “‘sensing’’ the steric size of 
L. These resonances do indeed occur over a wide 
spectral range (5 77.92—103.54 ppm). 


3.1.2. (n° -C; Me, Bw Fe(COML)I 
Assignments of the 'H and °C NMR spectra for 
(n°-C,Me',Bu)Fe(COXL)I were also deduced from 
NOE and CH-correlated Spectra as outlined above. The 
'H NOE spectra for (n° -C;Me', Bu)Fe(COXP(OMe),}I 
is discussed below. It is to be noted that in the non- 
irradiated 'H NMR spectrum (Fig. 4, curve (a)) all four 
methyl resonances are distinct, again with coupling 
between only two of the methyl protons and the P atom 
of the ligand. The ‘Bu group gives rise to a singlet in 
the same region as, and in some cases overlapping with, 
the methyl resonances. The methyl groups did not ap- 
pear in a specific order in the spectra. Although the 


H,,—-H,, resonances of the complex with L = PPh, 
occurred over a larger range (5 0.82-2.47 ppm), com- 
pared to the complexes with L = P(OPh), and P(OMe), 
(8 1.60—2.26 ppm), the data set is too small to specu- 
late about a correlation between the size of L and the 
separations between any of the ring resonances. 

The chemical-shift positions of the ‘Bu peaks of the 
(n°-C,Me', Bu)Fe(COXL)I complexes can be compared 
to those of the (n°-C,H', Bu)Fe(COXL)I complexes [6], 
for the same or very similar L. It was found that the ‘Bu 
resonance in the 'H NMR spectra appeared at higher 
chemical- shift positions for the C,Me',Bu complexes. 
The °C NMR resonances change in the same direction. 
This suggests that methyl substitution of the ring leads 
to deshielding of the ‘Bu group, which is counter-intui- 
tive. However, a possible explanation for this phe- 
nomenon is that the four electron-donating methyl 
groups on the cyclopentadieny! ring lead to increased 
m-bonding from the cyclopentadienyl ring to iron. Thus, 
electron density is withdrawn from the cyclopentadieny! 
ligand as a whole, including the attached ‘Bu group. 


3.2. Solution conformational studies 


3.2.1. (n°-C,Me,H)Fe(COKLII 

NOE spectroscopy was used to obtain the conforma- 
tional preferences of these complexes. These were de- 
duced from the relative growths of the H,,—H., absorp- 
tions when an L absorption was irradiated (Fig. 4, curve 
(c)), and the relative growths of the L peak when H,, to 
H., were in turn irradiated (Fig. 4, curves (d)-(g)). It 
was found that L spent most of the time in the proxim- 
ity of the smallest ring substituent, H, (percent enhance- 
ment = 8.0), and the Me groups adjacent to H, (H,,, 
percent enhancement = 1.0; H,,, percent enhancement 
= 1.4) (percent enhancements for H,, and H,, are 0.5 
and 0.2 respectively). The NOE spectra of the other 
compounds (L = PMe,, P(OMe),, PPh,) showed that L 
was closest to H, and only one of the ring methyl 
groups, H,,. See Fig. 5(a) for the representation of the 
preferential conformer. Note that the protons on the 
methyl groups closest to the L group exhibit no cou- 
pling to P, whereas the ‘‘trans’’-methy! protons (H,,, 
H,,) couple most strongly to P (Table 3). 


3.2.2. (n°-C, Me, Bu')Fe(COKL)I 

The NOE spectra showed that the ligand set had 
definite conformational preferences with respect to ori- 
entation about the Fe-ring centroid axis. The spectra 
suggest that L spends most of its time away from the 
largest ring substituent, ‘Bu. For example, Fig. 5(b) 
suggests that L is in the vicinity closest to H,, and H,, 
(percent enhancements, 2.0 each). The NOE experi- 
ments show that L is also close to H,, (percent enhance- 
ment, 1.0), and that L lies away from H,, and ‘Bu 
(percent enhancements, 0.5 each). The NOE spectra of 
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1.39 


Fig. 5. Ligand conformational arrangement and crystal structural data 
for (a) 1, (b) 2, (c) 3 (C-C bond length data accuracy: see Table 8). 
The conformers shown correspond to those in Figs. 2—5 and Ref. [6], 
with the CO, P and L ligands below the ring plane. 


the other compounds (L= PPh, and P(OPh),) also 
indicate conformations where L is closest to H,, and 
away from H,, and ‘Bu. Fig. 5(b) represents this prefer- 
ential conformer. 


3.2.3. Comparison of the (n°-C, Hj Bu)Fe(CO}L)I, (n° - 
C,Me,H)Fe(COML)I and (n°-C,Me',Bu)Fe(COML)I 
complexes 

The different electronic natures of the three different 
series of compounds are indicated by their IR spectra. 
For the same L groups, v(CO) decreases as more 
electron-donating groups are introduced onto the cy- 
clopentadienyl ring, (n°-C,H\Bu)Fe(COXL)I > (n°- 
C,Me,H)Fe(COXL)I > (n°-C, Me! Bu)Fe(COXL)I. 

NMR spectra reveal that, in solution, all of the new 
complexes show conformations that reduce steric inter- 
actions between L and the ring atoms. The complexes 
containing the large ‘Bu substituents on the cyclopenta- 
dienyl ring, (n°-C,H\Bu)Fe(COML)I and (n°- 
C,Me',Bu)Fe(COXL)I, adopt conformations where the 
L group points away from this substituent. In the (7°- 
C,Me,H)Fe(COXL)I complexes, the L group is found 
close to the H group, avoiding the four larger methyl 
groups on the cyclopentadieny] ring. 


3.3. Solid-state structures and conformations 


Crystal structure determinations were carried out for 
(n°-C ,Me,H)Fe(COXMPPh,)I (1) and (°-C.- 
Me‘, Bu)Fe(CO){P(OPh),}I (2) to assess their solid-state 
conformations and to permit comparison with the known 
crystal structure of (n°-C,H{Bu)Fe(COXPPh, )I (3) [6]. 
The use of L=PPh, instead of L=P(OPh), in 2 
would have been preferable, and would have given a 
closer series of complexes Cp” Fe(COXPPh,)I (Cp” = 
n°-C,Me,H, 7°-C,Me',Bu and »°-C,H',Bu) for com- 
parison. However, suitable crystals could not be ob- 
tained for (n°-C,Me',Bu)Fe(COXPPh,)I, and the crys- 
tal structure of (n°-C, Me’, Bu)Fe(CO)(P(OPh),}I (2) was 
determined instead. The NMR spectra revealed similar 
solution conformers for (7°-C,Me',Bu)Fe(COXL)I (L 
= PPh, and P(OPh),), and thus the P(OPh), complex 
should still provide the required information to compare 
the effects of variation of ring substituents on the 
solid-state conformers. 

Comparisons between complexes 1 and 2 and a 
related complex (n°-C,H{, Bu)Fe(COX PPh, XI) (3) (Fig. 
5) show that the magnitudes of various bond lengths 
and bond angles are comparable (see Table 8). Surpris- 
ingly, the electron-donating substituents had little effect 
on the observed Fe—Cen (Cen = cyclopentadieny! ring 
centroid) bond lengths, which are almost identical for 1, 
2 and 3, and range from 1.731 to 1.737 to 1.741 A. 
These values are comparable to Fe—Cen distances for 
other related complexes [31]. Similarly, the differences 
between C—O, Fe—-CO and Fe-I bond lengths for 1, 2 
and 3 are small (C—O: 1.04(1), 1.07(2), 1.095(6) A; 
Fe-CO: 1.792(7), 1.794(13), 1.766) A; Fe-I: 
2.642(1), 2.599(19), 2.618(1) A. The Cen—Fe—L bond 
angles, where L= CO, I, PPh, or P(OPh),, did not 
change significantly with L in 1, 2 and 3 (Cen—Fe—L 
bond angle range: 121.2, 122.1 and 127.2°). 

As expected, the Fe—P bond length in 2 is shorter 
than that in 1 (Fe—P: 1, 2.245(2) A; 2, 2.1394) A). This 
is related to the stronger metal-to-phosphorus back- 
bonding in the P(OPh), complex (2) compared to the 
PPh, complex (1). 

The cyclopentadienyl C—C bond lengths show fairly 
significant deviations for both complexes 1 and 2, indi- 
cating that cyclopentadienyl ring aromaticity has been 
disturbed (cyclopentadienyl! C-—C bond lengths: 1, 
1.37(1)—1.43(1); 2, 1.38(2)—1.50(2)) (see Fig. 5). 

In a recent publication [32] on Cp* Co(CO), com- 
plexes (Cp* = n°-C,H,, n°-C,Me,, n°—C,Bz,), it was 
shown that the cyclopentadienyl C—C bonds which are 
eclipsed by carbonyl ligands (as viewed along the cy- 
clopentadieny! centroid—metal axis) are longer, whereas 
the shortest bonds are those which are non-eclipsed 
[32]. Similarly, for 1, 2 and 3, the shortest cyclopentadi- 
enyl C—C bond lengths all pertain to bonds that are not 
eclipsed by any ligand and/or are adjacent to a bond 
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eclipsed by the phosphine or phosphite ligand (see Fig. 
5). 

The above discussion shows that there are no signifi- 
cant structural differences between 1, 2 and 3 as re- 
flected by bond length and angle data. Also, the bond 
length data (e.g. Fe—Cen distance) do not reflect any 
significant electronic differences between these com- 
plexes (see Table 8). 

However, the different steric effects for these three 
complexes are reflected by the different arrangements of 
the ligand set relative to the cyclopentadienyl ring. In 
each case, the bulky PPh, or P(OPh), ligand was 
positioned away from the largest cyclopentadieny! ring 
substituent(s). Hence in 1 the PPh, ligand is found 
close to the smallest cyclopentadieny! ring substituent, 
H. In 2 the P(OPh), ligand is far from the largest 
cyclopentadieny! ring substituent ‘Bu. A similar result 
was obtained for 3, in which the PPh, ligand was 
positioned away from the large ‘Bu substituent. This 
appears to be a very general phenomenon. Indeed a 
recent crystal structure determination of 


(C,Me,H),TiCl, also indicates that the smallest ring 
substituent occupies the least sterically hindered space 
[33]. The CO and I ligands did not adopt preferential 
positions. 

Another possible indicator of the steric effects expe- 
rienced by the cyclopentadienyl rings is the angle by 


which the cyclopentadienyl ring substituents (Me, ‘Bu) 
deviate from the ring mean plane. In both 1 and 2 these 
angles are large [31] and in the direction away from the 
metal-ligand set (deviation angles: 3.2—9.7°). 

In summary: the solution conformations are similar 
to those observed in the solid state. 


4. Conclusions 


As discussed above, NMR spectroscopy showed that 
(n°-C,Me,R)Fe(COXL)I (R = H, ‘Bu) complexes dis- 
played definite conformational preferences with regard 
to the position of the ligand set (CO, L and I) attached 
to iron, relative to the cyclopentadieny! ring substituents 
as viewed down the Fe-ring centroid axis. The confor- 
mational preferences were such that the relatively large 
phosphine and phosphite ligands on iron were posi- 
tioned away from the largest substituents on the cy- 
clopentadieny! ring. Thus for R = H, the L group was 
found close to R, while for R ='Bu, the L group was 
found away from R. This can be rationalized in terms of 
steric interaction between L and the cyclopentadienyl 
ring substituents. The accommodation of the other lig- 
ands (CO and I) can be expected to lead to finer 
adjustments to the conformations. The molecular struc- 
tures of (n°-C,Me,H)Fe(COXPPh,)I and (n°-C,Me,- 
"Bu)Fe(CO)P(OPh),}I were determined by X-ray crys- 
tallography. The conformations of these complexes in 


the solid state (with respect to the position of L) corre- 
sponded to those obtained in solution, showing that the 
preferred conformations are those where the L group is 
positioned in such a way as to avoid interaction with the 
larger cyclopentadieny] ring substituents. 
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Abstract 


The reactions of trimethylaluminium with aliphatic diols, derivatives of 1,4-butandiol and 1,3-propandiol were studied. A mixtures of 
linear and cyclic organoaluminium compounds were the products of these reactions carried out for AlMe,: diol molar ratios of 3:2 or 
greater. One of the products isolated in all the studied reactions was a complex of a formula Me,Al,{dioK-2H)], possessing one central 
five-coordinated aluminium atom and two terminal four-coordinated aluminium atoms. All the complexes were characterized by means of 
'H, °C and “Al NMR spectra, elemental analysis and molecular weight determination. 


Keywords: Aluminium; Aliphatic diols; Complexes; Spectroscopy; Isomers 





1. Introduction 


We have previously studied reactions of trimethyla- 
luminium with cis-1,4-but-2-en-diol derivatives of a 
general formula 1 [1-3]: 


where x = y = H; x = SiMe(OSiMe,),, y = H; x,y = - 
CH=CH-—CH=CH-. 

Complexes of the general formula 2 were one of the 
reaction products isolated and characterized by means 
of spectroscopic methods. These complexes possess one 
central five-coordinated aluminium and two terminal 


four-coordinated aluminium atoms. 


* Corresponding author. 
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In this paper we present the results of our studies on 
the reactions of trimethylaluminium with saturated di- 
ols, derivatives of 1,4-butandiol and 1,3-propandiol. 
These diols do not possess a rigid C=C structure and 
can react with trimethylaluminium to form a mixture of 
linear and cyclic organoaluminium compounds. One of 
the products isolated in all of the studied reactions was 
a complex 3 of a structure analogues to the complex 2. 


Me Me 

Aan 

0 - 
Gin ICY 


wy 


Al 
Me Me 
3 


n=3,4 


2. Results 


The reactions of trimethylaluminium with saturated 
diols were carried out at an AlMe, : diol molar ratio of 
3:2, similarly to the previously studied reactions of 
trimethylaluminium with cis-1,4-but-2-en-diol deriva- 
tives. 

Trimethylaluminium reacts with 1,4-butandiol to form 
a mixture of organoaluminium compound. The solid 
complex 4 was sublimed off from this mixture (T= 
100°C; p = 1 x 10~* Torr; yield, 47%): 
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NINA 
3 AlMe, + 2HO tM I 
Tec+20c HC. 0 


The 'H NMR spectrum of 4 (Fig. 1) revealed two 
multiplets of CH,O and CH, protons and three singlets 
of the protons of methyl groups bonded to aluminium 
with a -CH,O-—:—-CH,:CH,Al integration ratio of 
8:8: 15 which was fully consistent with the structure 4. 
The integration ratio of three singlets of methyl groups 
at —0.50, —0.56 and —0.57 ppm was 2:2: 1. The first 
two of these signals were assigned to four methyl 
groups bonded to two four-coordinated aluminium atoms 
and a signal at — 0.57 ppm corresponded to one methyl 
group bonded to the central five-coordinated aluminium 
atom. 

The following signals were present in °C NMR 
spectrum: 62.42 ppm (-CH,O), 30.61 (-CH,—) and 
two broad signals at —10.83 ppm and —11.66 ppm 
CH, groups bonded to four- and five-coordinated alu- 
minium atoms respectively. The presence of only one 


3 AIMe; + 2HO~ “~ “oH = 


4 
HC 
. Al 


signal of CH,O carbon atoms and one signal of CH, 
carbon atoms is consistent with the proposed structure 
of 4. 

Two broad signals at 159.7 ppm and 74.0 ppm were 
present in the “Al NMR spectrum of 4. The signal at 
159.7 ppm appeared in the region characteristic for 
four-coordinated aluminium and the signal at 74.0 ppm 
in the region characteristic for five-coordinated alu- 
minium. 

The molecular weight of 4 determined cryoscopically 
was 335 (calculated, 332) which indicated an associa- 
tion degree equal to 1.0. Percentages of aluminium and 
methyl groups bonded to aluminium were very close to 
their theoretical values (see Section 4) which further 
confirmed the proposed structure of 4. 

Trimethylaluminium reacts with 1,3-propandiol to 
form 5 with a relatively low yield (8.5%): 


Me Me 
\./ 


Aa 
H,C—OMe'o—CH, 


\\/ \ 


-78°C + 20°C 


F H> 
* al 0~.G 
HC NCS (Ch 
, AY 
Me Me 
4 














Fig. 1. 'H NMR spectrum of 4. 
spe 
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Fig. 2. 'H NMR spectrum of 5. 


The 'H NMR spectrum of 5 showed two multiplets 
of CH,O and CH, protons and two singlets (—0.50 
and —0.54 ppm) of the protons of methyl groups 
bonded to aluminium with a -CH,O-:—-CH,—:CH,Al 
integration ratio of 8:4: 15 (Fig. 2) which was consis- 
tent with the proposed structure of 5. The integration 
ratio of two singlets assigned to the protons of methyl 
groups was 2:3. The first signal at —0.50 ppm was 
assigned to the protons of two methyl groups bonded to 
the terminal four-coordinated aluminium and the second 
signal at —0.54 ppm was the result of overlapping of 


3 AlMe, + 2HO~ ><~ “oH Melt 
H;C CH; = -78°C+20°C 


x 1H 


y 
1 
x 


——» 


H 
Me,Al 
b 7 
Oe a 
fp 7 
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the signals of two methyl groups bonded to four-coordi- 
nated aluminium and of one methyl group bonded to 
five-coordinated aluminium. Two signals at 153.6 and 
67.0 ppm were present in the Al NMR spectrum of 5 
which confirmed the existence of two kinds of alu- 
minium atoms (four- and five-coordinated). The associ- 
ation degree of 5 calculated on the basis of molecular 
weight measurements was 1.1. 

The reaction of 2,2-dimethyl-1,3-propandiol with 
trimethylaluminium proceeds with the formation of a 
solid complex 6 with 7.2% yield: 


The complex 6 was isolated from the reaction mix- 
ture by sublimation (J = 100°C; p=1x10~* Torr) 
and was characterized by spectroscopic methods. The 
following signals were present in the "H NMR spectrum 
of 6: 3.34, 2.99 ppm (two doublets; CH,O; J = 10.4 
Hz), 0.91 ppm and 0.14 ppm (singlets, CH,), —0.46, 
—0.52, —0.57 ppm (singlets, CH,Al). The -CH,O0- 
:CH,:CH,Al integration ratio was 8:12:15 which 
was fully consistent with the proposed structure of 6. 
The signals of the protons of methyl groups bonded to 
aluminium were in the 2:2:1 ratio. The first two of 
them (—0.46 and —0.52 ppm) were assigned to four 
methyl groups bonded to four-coordinated terminal alu- 
minium atoms and the third signal at —0.57 ppm was 
assigned to the methyl group bonded to the five-coordi- 
nated central aluminium atom. 
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Four sharp signals at 72.37 ppm (CHO), 34.43 ppm 
(C(CH,),), 21.53 and 21.51 ppm (CH,) and a very 
broad signal at — 11.08 ppm (AICH,,) were observed in 
the °C NMR spectrum of 6. Similarly as for com- 
pounds 4 and 5 there were two broad signals at 156.0 
and 68.6 ppm in the “Al NMR spectrum of 6. They 
were assigned to four- and five-coordinated aluminium 
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respectively. The compound 6 is monomeric in benzene 
as determined on the basis of molecular weight mea- 
surements. 

1-Methyl-1,3-propandiol possesses a methyl group as 
a side chain and in the reaction with trimethylalu- 
minium forms a mixture of six isomers of 7 with a total 
yield of 17.5%: 


1ethylet 
-78°C + 20°C 


The mixture of isomers was isolated by distillation 
(T = 100°C; p = 1 x 10~* Torr) as a colourless viscous 
liquid. An analysis of NMR spectra allowed us to 


3 AKCH,); + 2 HO(CH,),OH ———® (CH;)AIO(CH2),OAKCH;)) + propose the structure of the isomers. Most of the signals 
4 


* HO(CH)),OAKCH 3)» + 3 CH, 
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a + b ——® (CH,)AIO(CH,),OAKCH;)O(CH),OAKCH,)) + CH, 
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Fig. 3. 'H NMR spectrum of 6. 
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in the 'H NMR spectrum appeared as complex multi- 
plets because of the number of isomers present in the 
mixture. Only protons of methyl groups CH,CH ap- 
peared as four doublets. The analysis of the structure of 
isomers indicated that they were eight different kinds of 
methyl group proton in the six isomers. It is very 
probable that chemical shifts of the protons of methyl 
groups numbered C'H, and C"H,, C’H, and C”H,, 
C°H, and C*H,, C*H, and C“H, (Eq. (4)) are the 
same or very close to each other which causes overlap- 
ping of the signals and resuits in an appearance of only 
four doublets in the 'H NMR spectrum. 

These methyl groups appear in the ' °C NMR spectra 
as four signals at 38.39, 38.31, 36.92 and 36.76 ppm. 
a other carbon atoms in CH,, HCO and H,CO show 

"°C NMR four signals each. The carbon atoms of 
methyl groups bonded to aluminium appear as several 
overlapping signals which confirms the presence of the 
mixture of isomers of 7. 

There were two signals at 153.0 ppm and 67.2 ppm 
present in the ~ 7Al NMR spectrum of 7 which indicated 
the presence of four- and five-coordinated aluminium in 
the molecule. Molecular weight determined cryoscopi- 
cally in benzene indicated the monomeric structure of 7. 


3. Discussion 


It appears from our previous studies [1-3] that 
trimethylaluminium reacts with cis-2-buten-1,4-diol 
derivatives of the general structure 1, with an 
AlMe,:diol molar ratio of 3:2 or higher, to form 
complexes of the structure 2 with a high yield. All those 
diols possessed a double bond C=C with cis configura- 
tion of CH,OH groups, indicating a facile reaction with 
an excess of AlMe, according to Scheme 1. 

In this work we have studied the reactions of trimeth- 
ylaluminium with aliphatic diols possessing three and 
four carbon atoms. It was found that, besides oligomeric 
products, compounds of structure 3, similar to structure 
2, were formed in these reactions. These compounds 
could be isolated by sublimation under reduced pres- 
sure. The results obtained suggest that aliphatic diols 
react with trimethylaluminium similarly as unsaturated 
diols to form analogues products (Scheme 2). The OH 
group of b reacts with a to form a linear compound c 
which stabilizes as 3 by the formation of acceptor—donor 
Al-—O bonds. 

The reactions of trimethylaluminium with aliphatic 
diols lead not only to the formation of 3 but also to the 
formation of oligomeric products, probably linear and 
cyclic. Trimethylaluminium can react with one, two or 
three molecules of aliphatic diols (Scheme 3). Products 
of these reactions can react further between themselves 
or with trimethylaluminium and diol, which leads to the 
formation of a mixture of oligomers. 


4. Experimental details 


All manipulations were carried out using standard 
Schlenk techniques in anhydrous solvents under an inert 
gas atmosphere. 

'H NMR spectra were recorded with a Varian VXR 
300 spectrometer, at 299.9 MHz. Chemical shifts were 
referenced to the residual proton signal of C,D, (7.15 
ppm). ‘°C NMR spectra were run on the same instru- 
ment at 75.4 MHz (standard, benzene CC.D,, 128 

ppm). "Al spectra were run at 78.2 MHz (standard, 
Al(acac),, 0.0 ppm). The molecular weight of the com- 
plexes was determined by the cryoscopy in benzene. 


4.1. Reaction of 1,4-butandiol with AlMe, (2 : 3) 


1.260 g (14 mmol) of diol in 25 cm’ of diethyl ether 
was placed in 250 cm’ two-necked flask and cooled to 
— 78°C. The solution of 1.548 g (21.5 mmol) of AlMe, 
in 20 cm* of diethyl ether was then added drop by drop 
within 0.5 h. The reaction mixture was allowed to warm 
to room temperature within 2 h. Evolution of gases was 
observed during the course of the reaction. The solvent 
was distilled off and the remaining white solid was 
sublimed (T= 100°C; p=1X10~* Torr) yielding 
1 092 g (47%) of 4. 

'H NMR (benzene-d,): 5 3.45 (m, 8H, CH,O), 1.21 
(m, 8H, CH,), —0.50 (s, 6H, CH,Al), 0.56 (s, 6H, 


CH, Al), 0.57 (s, 3H, CH,Al) ppm. °C NMR (be- 
azene-d,): 5 62.42(CH,O), °30.61 (—CH,-), — 10.83 
(CH, Al), — 11.69 (CH, ‘Al) ppm. */Al NMR (benzene- 
d,): & 159.7 (4-coord. Al), 74.0 (S-coord. Al) ppm. 
Molecular weight. Found: 335. Calc.: 332. Elemental 
anal. Found: Al, 24.50; hydrolysable methyl groups, 
22.47. Calc.: Al, 24.40; Me, 22.59 wt.%.) 


4.2. Reaction of 1,3-propandiol with AlMe, (2 : 3) 


The reaction was carried out as described above 
using 1.216 g (16 mmol) of 1,3-propandiol and 1.764 g 
(24.5 mmol) of trimethylaluminium. 0.207 g (8.5%) of 
crystalline compound 3 was obtained by sublimation 
(T= 95°C; p=1%X10~* Torr) from the post-reaction 
mixture. 

'H NMR (benzene-d,): 6 3.43 (m, 8H, CHO), 1.13 
(m, 4H, CH,), ~0.50s, 6H, CH,Al), —0.54s, 9H, 
CH, Al) ppm. °C NMR (benzene-d, ): & 63.08 8 (—CH ,- 
O), 31. 24 (—CH,-), — 11.47 (Al—CH,) ppm. “Al NMR 
(benzene-d,): 5 153.6 (4-coord. Al), 67.0 (5-coord. Al) 
ppm. Molecular weight. Found: 329. Calc.: 304. Ele- 
mental anal. Found: Al, 26.44; hydrolysable methyl 
groups, 25.20. Calc.: Al, 26.64; Me, 24.67 wt.%. 


4.3. Reaction of 2,2-dimethyl-1,3-propandiol with AlMe , 
(2:3) 


1.332 g (18.5 mmol) of trimethylaluminium in 25 
cm? of diethyl ether was placed in 250 cm’ two-necked 
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flask and cooled to — 78°C. The solution of 1.248 g (12 
mmol) of diol in 20 cm? of diethyl ether was then added 
drop by drop within 0.5 h. The reaction mixture was 
allowed to warm to room temperature within 2 h. 
Evolution of gases was observed during the course of 
the reaction. The solvent was distilled off and the 
remaining white solid was sublimed (T = 100°C; p = 1 

x 10~* Torr) to give 0.156 g (7.2%) of a solid com- 
pound 6. 

'H NMR (benzene-d, ): § 334 (d, °J = 10.4 Hz, 4H, 
CH,0), 2.99 (d, ?J = 10.4 Hz, 4H, CH 0), 0.91 (s, 6H, 
CH,), 0.14 (s, 6H, CH,C), —0.46 (s, 6H, CH,Al), 
—0.52 (s, 6H, CH,Al), —0.57 (s, 3H, CH,Al) ppm. 
°C NMR (benzene-d,): 8 72.37(CH,O), 34.43 
(C(CH, ),), 21.53, 20.51 (CH, ), 11.08 (CH 3Al) ppm. 
"Al NMR (benzene-d,): 5 156.0 (4-coord. “AD, 68.6 
(S-coord. Al) ppm. Molecular weight. Found: 358. Calc.: 
362. 


4.4. Reaction of 1-methyl-1,3-propandiol with AlMe, 
(2:3) 


The reaction was carried out as described in 4.1 
using 1.080 g (12 mmol) of 1-methyl-1,3-propandiol 
and 1.332 g (18.5 mmol) of trimethylaluminium. 0.349 
g (17.5%) of product 7 was distilled off (T = 110°C; 
p=1X10~* Torr) from the reaction mixture as a 


viscous colourless liquid. 


'H NMR (benzene-d,): 5 3.75, (m, 2H, HCO), 3.44, 
(m, 4H, CH,O), 1.39, 1.24, 0.95, 0.80 (four multiplets, 
4H, CH,), 1.002, 0.980, 0.965, 0.946 (four doublets, 
*J=1.5 Hz, 6H, CH,), from —0.448 to —0.537 
(several singlets, 15H, CH,Al) ppm. °C NMR (be- 
nzene-d,): 5 70.67, 70.57, 70. 38, 70.27 (HCO), 61.68, 
61.50, 61.44, 61.22 (H,CO), 30.39, 38.31, 36.92, 
36.70(CH,), 24.17, 24. 14, 23.72, 23.64 (CH,) from 
—9.33 to — 11.63 (several signals CH,Al) ppm. “Al 
NMR (benzene-d,): 5 153.0 (4-coord. AD), 67.2 (S-co- 
ord. Al) ppm. Molecular weight. Found: 332. Calc.: 
332. Elemental anal. Found: Al, 24.2; hydrolysable 
methyl groups, 22.1. Calc.: Al, 24.4; Me, 22.6 wt.%. 
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Abstract 


The reaction of Cl, AlO-'Pr with C,H,Na affords the isopropoxy-bridged dimer [y'(C,H,),AlO-'Pr],. The compound has been 
characterized by NMR and its crystal structure determined by X-ray diffraction study. 


Keywords: Aluminium, X-ray diffraction; Nuclear magnetic resonance; Cyclopentadieny! 





1. Introduction 


Cyclopentadienyl compounds of the main-group met- 
als are of interest because of the variety of bonding 
modes that have been observed. Since the bonding 
modes influence the properties and reactions of the 
compounds, it is of importance to determine the nature 
of the interaction of the cyclopentadienyl groups with 
metal atoms. 

Relatively few data have been given on structural 
characterisation of aluminium cyclopentadienyl com- 
plexes. Several dialkylaluminium and chloroalkylalu- 
minium cyclopentadienyl complexes have only been 
studied by X-ray crystallography and electron diffrac- 
tion [1—4]. The known monocyclopentadienylaluminium 
derivatives are highly fluxional and therefore no conclu- 
sive evidence can be drawn on their ground-state struc- 
ture from IR and NMR spectra [4—7]. 

From X-ray analysis it has been established that 
dimethy\(cyclopentadieny|)aluminium in solid state con- 
sists of infinitive chains [1]. Dimethylaluminium units 
are bridged by cyclopentadienyl rings. The one length 
of the bridge bond anticipates for an electron deficient 
bond while the other is significantly longer. In the gas 
phase the compound has been found to be monomeric 
with cyclopentadieny! ring in 7° fashion bonded to the 
aluminium atom [2]. The nature of the Cp—aluminium 
bond in hydrocarbon solutions of the compound is not 
clear. In benzene solution the degree of association of 
the compound is 1.4 [8]. An X-ray crystal structural 
study of chloro(pentamethylcyclopentadienyl)methy!- 
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aluminium reveals dimeric units with Al—Cl bridge 
bonds [4]. The cyclopentadienyl groups are bonded to 
aluminium atoms in an 7° manner. 

To the best of our knowledge no structural informa- 
tion has been given on bis(cyclopentadienyl)aluminium 
derivatives. In this paper we describe the synthesis, 
characterization and a single-crystal X-ray diffraction 
analysis of the novel bis('-cyclopentadienyl)iso- 
propoxide dimer [y'(C,H,), AlO—'Pr],. 


2. Results and discussion 


2.1. Synthesis, properties and NMR analysis 


The title compound [y'(C,H,),AlO-'Pr], (I) was 
obtained according to Eq. 1 at ambient temperature 
from the reaction of Cl,AlO—'Pr (II) with C,H,Na 
(III) in toluene or a toluene-tetrahydrofuran (THF) mix- 
ture with a high yield. 


+ | n!-(C,H,),AlO-'Pr|, + 4NaCl (1) 
@ 


The isopropoxyaluminium dichloride (II) was obtained 
from reaction of MeAICl, with isopropoxy alcohol: 


MeAICl, +'PrOH > Cl, ArO-'Pr + MeH (2) 
aD 





250 A. Kunicki et al. / Journal of Organometallic Chemistry 508 (1996) 249-253 


The aluminium compound II formed in Eq. (2) was not 
isolated and used directly in the synthesis of bis(cyclo- 
pentadienyl)aluminium derivative I. [y'-(C,H,),AlO- 
‘Pr], can be isolated as light-yellow crystals by recrys- 
tallization from a toluene—hexane mixture. As expected, 
I is quite air sensitive. In the presence of a slight 
amount of oxygen a brown solid is formed. An elemen- 
tal analysis of the resulting compound confirms the 
formation of I. In benzene solution the compound was 
found to be a dimer (nm = 1.96). The molecular weight 
was obtained cryometrically. 

The 'H and °C NMR spectra of I in deuterated 
benzene show signal pattern characteristic of the iso- 
propoxy group in high field region and one signal of the 
cyclopentadienyl ligands in low one (see Section 3). 
The spectroscopic data are consistent with the proposed 
chemical formulation of the obtained compound; how- 
ever, they did not permit us to determine the nature of 
the Cp bonding to the aluminium atom in a solution. 
Attempts to detect a static structure of I in toluene at 
—70°C by 'H NMR revealed no changes in signal 
pattern and no appreciable alteration in the ring proton 
atoms signal shape compared with the resonance signal 
width measured at room temperature. Similar dynamic 
behaviour has been reported for other cyclopentadienyl- 
aluminium compounds [4—7]. The equivalence of cy- 
clopentadienyl proton atoms on the NMR time scale 
may results from rapid changes in aluminium atom-ring 
hapticity or rapid ring whizzing. The ~ Al NMR mea- 
surements of I showed a signal at 101.99 ppm. 

No stable donor—acceptor complex was found to be 


A. <a 
( SY ce) 


C2 


<GY y a 


Ls 


O(1) 


formed in the reaction of I with excess of THF or 
diethyl ether in toluene. Reactions were carried out at 
room temperature. After removal of the solvents in 
vacuum the 'H NMR spectra of crystalline residue 
showed no THF or Et,O signals but the signals of I 
only. 

The reaction of I with TiCl, at room temperature in 
toluene afforded with a high yield (C,;H,),TiCI, (IV): 


2TiCl, + | n'-(CsHs),Al0-'Pr] , 
(1) toluene 


Dune ~CsHs)27C, (3) 


(Iv) 


The titanium compound IV was identified by 'H NMR 
spectra and elemental analysis (see Section 3). 


2.2. Crystal and molecular structure of [n'-~(C,H,),- 
AlO-'Pr],, (D 


A perspective view of the molecule with the atom 
numbering system is shown in Fig. 1. 

The X-ray crystal structure analysis revealed the 
presence of isopropoxy-bridged dimers in a solid state 
(Fig. 1). The dimer is centrosymmetric and there are no 
short intermolecular contacts between dimers. Selected 
atomic bond distances and angles are presented in the 
Tables 1 and 2 respectively. The cyclopentadienyl 
groups are bonded to the Al atom in the 7’ manner. 
Examination of C—C distances in the cyclopentadieny] 
ring shows that are two shorter distances (C(12)—C(13), 
1.347(4) A; C(14)-C(15), 1.335(3) A) with the remain- 


a Gs” 
C(23) “Uy Y 


' C(t) \ 2 a 


i \ _SC(25) 


(€).2 ) 


7 \\c(21) 
ae H(21) 


SS NOD 


( 4 WwAD 
Ccizy Nie 


C(22) 


C(14) 
\V 
(\) C(11) NW; 
Sy , aa 
—WH“0(15) 


Fig. 1. Structure of I with the atom-numbering scheme. 
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Table 1 
Selected bond lengths (A) for [y'(C,H,), AlO-'Pr], 


Al-O(1) 1.8212(11) Al-O(!’) 
Al-C(21) 2.003(2) Al-C(11) 
C(1)—C(2) 1.493(6) C1)-C(3) 
CM11)-CU15) —- 1.4293) C(21)-C(22) 
CO1)-CU12)_~—s« 11.4413) (21)-C(25) 
CU12)-C(013)_—s:1.3474) €(22)-C(23) 
©13)-C014) ~—-1.386(4) (23)-C(24) 
C014)-C015) ~—-1.335(3) €(24)-C(25) 
O(1)-C(1) 1.4732) 


Symmetry transformations used to generate equivalent atoms (desig- 
nated by prime): — x,— y,— z. 





1.837001 1) 
2.022(2) 
1.508(S) 
1.434(3) 
1.444(4) 
1.342(4) 
1.378(4) 
1.3104) 





ing distances as follows: C(11)—C(12), 1.441(3) A; 
C(11)-C(15), 1.4293) A; O(13)-C(14), 1.386(4) A. 
For the second cyclopentadienyl ring bonded to the 
same aluminium atom the distances are 1.342(4) 
1.310(4) A, 1.434(3) A, 1.444(4) A and 1.378(4) A 
respectively. 

The cyclopentadienyl rings are almost flat; the rms 
deviations of the ring carbon atoms from mean least- 
square planes in both cases are 0.02 A. A small fold of 
the rings along lines containing C(12), C(15) and C(22), 
C(25) respectively is observed. The dihedral angle be- 
tween the C(12), C(11), C15) plane and the C(12), 
(13), C114), C15) plane is 5.2(2)° In the second ring 
the angle between the same sets of planes is 4.3(2)°. For 
both cyclopentadienyl rings there is one short alu- 
minium atom—ring carbon atom distance: Al—C(11), 
2.022(2) A; Al—-C(21), 2.003(2) A. These distances fall 
within the range expected for Al—C bonding interaction 
in cyclopentadieny! aluminium compounds. The remain- 
ing aluminium—carbon ring distances are longer (c.g. 
Al-C(12), yo A; Al-C(15), 2.7092) A; Al- 
©(22), 2.802(2) A; Al—C(25), 2.721(2) A) compared 
with the accepted range of Al—C bonds and they are 
considered to be non-bonding distances. These data 
providing support for an y'-C,H,—metal interaction. As 


Table 2 
Selected bond angles (°) for [y'4C,H,), AlO—' Pr}, 


mentioned earlier a cyclopentadieny! ligand is able to 
interact with aluminium atom in a different manner. It is 
likely that in I the bonding of Cp groups in y' fashion 
is derived from steric hindrance. In the dimeric structure 
of the studied compound I, each aluminium atom is 
surrounded by four bulky groups. The plane containing 
(11), Al, C(21) is perpendicular to the plane of the 
four-membered Al,O, ring. The Al,O, four-membered 
ring is planar. The Al—O(1) and Al-O’'(1’) bond lengths 
are 1.821(11) A and 1.837(11) A respectively. The bond 
angle of Al—O(1)—Al’ is 99.15(5)° and of O(1)—Al- 
O’(!’) is 80.85(S)°. The four-membered ring has been 
found to be a structural feature of the Al,(O-'Bu), [9]. 


3. Experimental details 
3.1. General comments 


All the reactions were carried out under dry argon 
using Schlenk techniques. Solvents were dried by stan- 
dard methods. CpNa (III) was obtained from the reac- 
tion of freshly distilled CpH with NaH in THF and used 
directly in the synthesis of the aluminium compound. 
NMR spectra were run on Varian VXR-300 ('H, °C 
and “Al). 


3.2. Synthesis of [n'-(C,H,), AlO-'Pr], 


‘PrOH (6.42 ml, 84 mmol) was added slowly (0.5 h) 
to a stirred solution of Cl,AlMe (9.5 g, 84 mmol) in 
toluene (100 ml) cooled to — 30°C. During the reaction, 
methane slowly evolved. The mixture was allowed to 
warm to ambient temperature (1 h) and then CpNa (15.0 
g, 170 mmol) in THF (100 ml) added. The reaction 
mixture was stirred for 1 h; the solvent was removed in 
vacuo. A yellow residue was washed with pentane (30 
mi) and dried in vacuo; extracted toluene (150 ml) was 





O(1)—Al-O(1’) 80.85(5) 
O(1)—Al-C(21) 115.20(8) 
O(1)—Al-C(11) 111.96(8) 
C(21)-Al-C(11) 118.66(9) 
CU1)-O(1)-Al 123.8(2) 
O(1)-C(1)-C(2) 109.6(3) 
C(15)—C(11)-Al 102.1(2) 
C(12)-C(11)-Al 100.74(14) 
0(15)-C(11)-C(12) 104.4(2) 
C(13)-C(12)-C(11) 108.1(2) 
C(12)-C(13)-C(14) 109.1(2) 
C(15)-C(14)-C(13) 109.3(2) 
C(14)-C(15)-C(11) 108.92) 


Al-O(1)-Ar 
O(!’)-Al-C(21) 
OCT )-Al-C(11) 
(2)-C(1)-(3) 
C(1)-O01)-Ar’ 
O(1)-C(1)-C3) 
(2S)—C(21)-Al 
(22)-C(21)-Al 
(22)-C(21)-C(25) 
(23)—C(22)-C(21) 
©(22)—C(23)—C(24) 
C(25)—C(24)—C(23) 
(24)—C(25)-C(21) 





Symmetry transformations used to generate equivalent atoms (designated by prime): —x,— y, — z. 





252 


Table 3 


Crystal data and structure refinement for [' (C,H), AlO—'Pr],. 





Empirical formula 
Formula weight 
Temperature (K) 
Wavelength (A) 
Crystal system 
Space group 
Unit-cell dimensions 
a(A) 
b(A) 
c (A) 
B (A) 
Volume (A*) 
Z 
Density (calculated) (Mg m~*) 
Absorption coefficient (mm ~' ) 
F(000) 
Crystal size (mm) 
@ range for data collection (°) 
Index ranges 


Number of reflections collected 
Number of independent reflections 
Refinement method 


Number of data 
Number of restraints 
Number of parameters 
Goodness of fit on F? 
Reflections with / > 20(/) 
Final R indices (J > 2a(/)) 

R, 

wR, 
R indices (all data) 

R, 

wR, 
Extinction coefficient 
Largest difference peak and hole 


° 
(electrons A~*) 


C,;H,,AlO 
216.25 
295(2) 
0.71073 
Monoclinic 
P2,/n 


8.710(2) 

10.572(3) 

13.193(3) 

90.25(2) 

1214.95) 

4 

1.182 

0.139 mm~! 

464 

1.20 x 0.45 x 0.35 
2.5 to 25.0 
0<h<10,0<k <12, 
-15</<15 

2282 

2134 (R;,, = 0.0135) 
Full-matrix least-squares 
on F? 

2117 

6 

224 

1.062 

1845 


0.0347 
0.0965 


0.0409 

0.1012 
0.004(2) 

0.18 and —0.16 





Table 4 
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added. The toluene was evaporated in vacuo to give I as 
a light-yellow solid (yield, 14.7 g (81%)) which was 
crystallized from toluene—hexane. 

Anal. found: C, 72.39; H, 7.98; Al, 12.33; M, 
(cryometrically in benzene) 423 (n = 1.96). C,,H,,OAI 
calc.: C, 72.22; H, 7.87; Al, 12.50%; M, = 216. 'H 
NMR (C,D,): 6 0.89 (d, J = 6.3 Hz, 6H, CH,), 3.68 
(sep., J = 6.3 Hz, 1H, CH), 6.11 (s, 10H, C,H.) ppm. 
"°C NMR (C,D,): 6 25.57 (CH,), 70.19 (CH), 113.72 
(C,H) ppm. “AINMR (C,D,): 6 101.99 ppm. 


3.3. Reaction of [(n'-C,H,), AlO-'Pr], (I) with TiCl, 


A solution of I (3.0 g, 13.8 mmol) in toluene (10 ml) 
was added to a stirred solution of TiCl, (2.64 g, 13.8 
mmol) in toluene at room temperature. The red solution 
was stirred for 1 h and then a water—-HCl mixture (20 
ml) (5:1) added. More toluene was added, the toluene 
extract washed with water, dried, filtered and evapo- 
rated to dryness to give (C,H,),TiCl, as a red solid 
(yield, 2.61 g (76%)). 

'H NMR (CDCI,): & 6.57 (s, C;H,). Anal. Found: 
Cl, 28.11; Ti, 19.42. C,)H,9Cl,Ti cale.: Cl, 28.51; Ti, 
19.27%. 


3.4. X-ray structure determination 


A transparent light-yellow well-shaped crystal of I 
was placed in a thin-walled capillary tube (Lindemann 
glass) in an inert atmosphere. The tube was plugged 
with grease, flame sealed and then mounted on the 
goniometer head of a four-circle P3 (Siemens AG) 
diffractometer. The crystallographic data, a summary of 


Atomic coordinates and equivalent isotropic displacement parameters for [y'-(C,H,), AlO—'Pr],. 





x y z U., 
(x 10>*) (x 1074) (x 107*) (x 107? A) 


Al 761) 13%1) 10491) 45(1) 
O(1) 84001) 876(1) —91(1) 45(1) 
Cc) 190%2) 1955(2) — 7K3) 5101) 
C(2) 3451(S) 153X(7) — 436(7) 87(2) 
C(3) 1258) 3008(4) — 718(6) 83(2) 
C(11) 1696(3) — 857(2) 1807(2) 7001) 
c(12) 2662(3) 151(2) 21742) 82(1) 
C13) 23164) 358(3) 3154(2) 96(1) 
C(14) 1224(3) — 515(2) 3452) 8X1) 
c(15) 877(3) — 1272) 2681(2) 761) 
C(21) — 1387(3) 120% 2) 1843(2) 7H) 
C(22) — 2552(3) 1661(3) 1162(2) 83(1) 
(23) — 2263(3) 28833) 964(2) 96(1) 
C(24) — 10104) 327%(3) 1521(3) 103(1) 
(25) — 495(3) 2328(3) 2064(2) 9%(1) 
CUA) 2001(20) 1715(17) — 655(29) 647) 
C(2A) 3546(23) 1480(28) — 280(28) 38(7) 
C(3A) 1473(39) 303019) — 692(28) 42(8) 


U,,, is defined as one third of the trace of the orthogonalized U, , tensor. 





0.11011) 
0.110(11) 
0.110011) 
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data collection and the refinement procedure are pre- 
sented in Table 3. 

The crystal system, the orientation matrix and the 
unit-cell parameters were obtained from the least-squares 
refinement of the angular positions measured for 17 
reflections randomly found in the 26 range between 15 
and 31°. The intensities were collected up to 26 = 50° 
(maximum (sin @)/A = 0.60) in the 6-26 mode with 
the scan range 1.8° plus the Ka,—Ka, separation at 
various scan speeds. Two check reflections (316) and 
(224), repeated every 70 reflections, showed a decay of 
3.6%. The intensities were adjusted accordingly and 
corrected for the Lorentz—polarization effect. No ab- 
sorption correction was applied. The phase problem was 
solved by direct methods using the SHELXS-86 program 
[10]. 

Positional and thermal parameters of the non-hydro- 
gen atoms (first isotropic and then anisotropic) were 
adjusted by means of several rounds of full-matrix 
least-squares calculation [11]. The positions of the hy- 
drogen atoms were determined on the subsequent differ- 
ence Fourier map. We found disorder of isopropyl 
groups in the studied molecule. The low electron den- 
sity maximum near the C(1) atom of the isopropyl 
group indicated that the group could flip between two 
positions. Because of this, further refinement was car- 
ried out for two isopropyl groups, assuming that the 
occupation factors of both groups added to unity. Ow- 
ing to partial overlapping of the atoms of the disordered 
groups, geometrical restraints was introduced and only a 
secondary carbon atom of the second isopropyl group 
was refined anisotropically (site occupation factor was 
refined at a level of 11%). In the later iterations, 
hydrogen atoms of the second isopropyl group were 
incorporated at their calculated positions. An extinction 
correction was included as a variable in the final cycles. 
Final difference Fourier synthesis contained no unusual 


features. The structure was refined against F? with 
w' = §°(F>) + (0.0601 P)? + 0.1562P where P= 
(Fj + 2F2)/3. The R values presented in Table 3 are 
defined as wR, = (Lw( F? — F?)?/LwF;%)'/? and R1 
=LIlFoI-lFN/ZI Fol 

Atomic coordinates and equivalent isotropic thermal 
parameters are listed in Table 4. 

Tables of hydrogen atom coordinates and anisotropic 
thermal parameter and a complete list of bond lengths 
and angles have been deposited at the Cambridge Crys- 
tallographic Data Centre. 
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Abstract 


Successive treatment of triallylamine with zirconocene chloride hydride and germanium tetrachloride affords 1-aza-S-germa-5-chloro- 
bicyclo[3.3.3}undecane, which is converted to the 5-organo derivatives by the reaction with Grignard or lithium reagents. The organo 
groups showed higher reactivities toward Stille-type coupling than the corresponding organotributylgermanes. 


Keywords: Germanium; Cross-coupling; Palladium; Catalysis 





Organostannane is one of the useful synthetic reagents 
for carbon—carbon bond formation. Transition-metal- 
catalyzed cross-coupling reaction of organostannane 
with organic halides or triflates is now widely utilized 
[1]. As for the organosilicon compounds, fluoride-ion- 
mediated palladium-catalyzed reactions have been re- 
cently developed [2]. Relatively few papers, however, 
have appeared for the palladium-catalyzed reactions of 
organogermanes [3]. To our knowledge, only the cross- 
coupling reaction of trimethylvinylgermane with aryl 
tetrafluoroborate is known [4]. From the observation of 
the silicon chemistry, the usual tetracoordinated 
organogermanium species are considered to be less 
reactive in the presence of a palladium catalyst. There- 
fore we intended to prepare 1-aza-5-germa-5-organobi- 
cyclo[3.3.3}undecane, expecting that reactivity of the 
organo group is enhanced by the transannular coordina- 
tion of nitrogen to germanium. We now report the 
preparation of 1-aza-5-germa-5-organobicyclo- 
[3.3.3}undecane and the palladium-catalyzed reaction 
with aryl bromides. As the transmetalation of zirconium 
to germanium is known [5], we used a similar method to 
synthesize the corresponding tin compound reported by 
Vedejs et al. [6]. 
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Thus hydrozirconation of triallylamine, followed by 
the transmetalation with germanium tetrachloride gave a 
novel 1-aza-5-germa-5-chlorobicyclo[3.3.3undecane 
with 89% yield [7]. By the reaction with the correspond- 
ing Grignard or lithium reagents, it could be converted 
into the corresponding 5-organo compounds (yields; 
butyl, 74%; allyl, 82%; phenyl, 97%; vinyl, 98%; 1- 
ethoxyvinyl, 86%; phenylethynyl, 11%) [8]. 

First of all, the corresponding tributylgermanes were 
prepared and their palladium-catalyzed reaction with 
p-bromotoluene was investigated as a comparison with 
the reaction of the bicyclo germanium compounds. Most 
of the reactions did not give the cross-coupling products 
at all, except for the reaction of tributylviny!germane, 
which afforded p-methylstyrene with 60% yield. The 
result can be explained from a similar palladium-cafa- 
lyzed reaction of trimethylvinylsilane with aryl iodide 
[9]. 

Palladium-catalyzed reaction of 1-aza-5-germa-5- 
organobicyclo{3.3.3}undecanes thus prepared with aryl 
bromide was carried out as follows: a mixture of the 
germane (1 mmol) and the halide (1 mmol) in the 
presence of tris(dibenzylideneacetone)dipalladium chlo- 
roform (0.01 mmol) plus the phosphine (0.04 mmol) 
and tetrahydrofuran (1 ml) was sealed in vacuo in a 
glass ampoule and was heated in a thermobath at 120°C 
for 24 h. The product was analyzed by gas—liquid 
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Table 1 
Pd-catalyzed reaction of the bicyclogermane with p-bromotoluene 


Pddba) ;CHC1;1mol% 





Ligand 4mol% » 
120°C 24h THF imi .) 





Ligand GLC yield * 





Butyl 

Allyl ° 

Phenyl 

Vinyl 
1-Ethoxyvinyl © 
Phenylethyny! 


PPh(0-tol), 
PPh, 
P(o-tol), 
P(o-tol), 
PPh(0-tol), 
PPh(0-tol), 





* Isolated yield given in parentheses 
» Bromobenzene was used as the aryl halide. 
© The product was p-methylacetophenone. 


chromatography (GLC) with n-dodecane as an internal 
standard. The product was isolated by silica gel chro- 
matography, after aqueous work-up of the reaction mix- 
ture, followed by extraction with ether and dried over 
sodium sulfate. The results are shown in Table 1. As 
expected, cross-coupling products were obtained with 
moderate to good yield except for the butylation. It is 
interesting to note that generally the phosphine having 
the o-tolyl group gave products with a good yield. 
However, the allylation was the only exception, i.e. the 
use of triphenylphosphine gave a superior yield to that 
of tri(o-tolyl)phosphine. At present the reason for this is 
not known. Use of tri(2-furyl)phosphine or triphenylar- 
sine, which are good ligands of palladium for the 
Stille-type coupling, [10] showed similar results when 
used triphenylphosphine. 

Thus, we synthesized 1-aza-5-germa-5-organo- 
bucyclo[3.3.3}undecanes. In these compounds, a signifi- 
cant enhancement of reactivities of the organo groups 
toward Stille-type coupling was observed, in compari- 


LAH 
Cp,ZrCl, ~~, 


Cp,ZrHCl —s- Gel, 


in THF 
orc 





triallylamine 
in hexane 





-) 
C N R-MgBr or _ 
: a RLi 
Cl 


R = butyl, allyl, phenyl, vinyl, 1-ethoxyvinyl, phenylethynyl 


son with that of the corresponding organotributylger- 
manes, presumably owing to the transannular coordina- 
tion of nitrogen to germanium, although the reactivity 
was not as great as that of the corresponding tributyltin 
compounds. Further work is in progress. 
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Abstract 


Accurate molecular and crystal structure and experimental electron density distribution in the vanadocene single crystal were 
established on the basis of the precise X-ray diffraction data at 108 K. A characteristic asymmetry of the deformation electron density in 
the vicinity of the metal atom was found which is attributed to the different occupancies of the 3d-metal orbitals of the vanadium atom. A 
multipole analysis of the diffraction data was performed and the numerical values of the 3d-metal orbital occupancies in vanadocene were 
first calculated directly from these data. The results obtained are in agreement with the quantum-chemical calculations of vanadocene and 


other 3d-metallocenes. 


Keywords: Vanadocene; X-ray structure; Charge density analysis 





1. Introduction 


3d-Metallocenes Cp,M, where M = 3d-transition 
metal and Cp = C,H, ligand, represent a very impor- 
tant class of organometallic compounds and the interest 
in their atomic and electronic structure still remains 
very high despite an almost 40 years history of these 
studies [1-9]. As an important result of these studies, a 
close structural similarity in the 3d-metallocenes was 
elucidated. Thus, the crystals of monoclinic Cp,Fe, 
Cp,Co, Cp,Ni, and Cp,V were found to be isomor- 
phous at room temperature and their crystal structures 
are very similar [10-13]. The electronic structure of the 
3d-metallocene series may also be well explained in 
general features from the molecular-orbital (MO) dia- 
gram of ferrocene, the most important representative of 
these sandwich-like molecules, by subsequent removing 
of electrons from its occupied bonding and non-bonding 
a,, and ¢,, orbitals (Cp,Mn, Cp,Cr, Cp,V), or adding 
og to the antibonding ¢,, orbital (Cp,Co, Cp, Ni) 
14,15}. 

It is well established now, that direct information 
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about electron density distribution in crystals may be 
obtained from precise X-ray diffraction data [16-18]. 
Nevertheless, the charge density analysis in the metal- 
locene series was absent until now mainly due to the 
complicated nature of their crystal disorder [3-6], 
Jahn-Teller distorsions [19-21], and phase transitions 
on cooling the crystals [22,23]. We have found recently 
that the monoclinic structure of the vanadocene, Cp,V 
(1) is ordered at 108 K [24], and the first accurate 
electron density distribution study of the Cp,V crystal 
was undertaken at this temperature. 


2. Results and discussion 


The centrosymmetric Cp,V molecules in crystal have 
an ideal staggered conformation of the Cp-rings (Fig. 
1), as was found earlier in the two X-ray structural 
studies of 1 at room temperature [12,13]. However, in 
these two studies an essential rotational disorder of the 
Cp-rings was noted that would forbid observation of 
accurate data on the molecular geometry and electron 
density distribution. The ordered nature of the Cp,V 
crystal structure at 108 K was proven in Ref. [24] by a 
careful analysis of the anisotropic displacement parame- 
ters. Thus, the largest eigenvalue L, of the molecular 
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Fig. 1. General view of the vanadocene molecule in crystal with the 
representation of non-hydrogen atoms by the probability thermal 
ellipsoids ( p = 50%), and atom numbering scheme. 


libration tensor L in 1 was found to be 31°, that is the 
smallest value in the series of isomorphous Cp,Co, 
Cp, Ni, and Cp,V crystals at the same temperature. 

The molecular geometry of 1 at 108 K is presented in 
Table 1. The V—C bond lengths are 2.260(1)—2.278(1) 
A (mean value 2.26%6) A) and C-—C bond lengths 
1.413(1)—1.423(1) A (mean value 1.417(3) A). The 
Cp-ring is planar within 0.001 A and the distance from 
the metal atom to the ring center is 1.923 A. These 
values, especially after correction for libration motion, 
are Close to those found for vanadocene in the gas phase 
using the electron diffraction method: V—C 2.280(5) A, 
C-C 1.434(3) A, V-center of the ring 1.928(6) A [25]. 
The C-H bond lengths are in the interval 0.94(2)— 
0.96(2) A and displacements of these atoms from the 
carbon ring plane to the metal are small and hardly 
significant. 

The deformation electron density (DED) map through 
the Cp-ring plane, obtained by a convential “X—X’ 
method, is shown in Fig. 2. Distinct positive DED peaks 
at the C—C bond centers and at the C—H bonds were 
found with the heights of 0.40—0.50 and 0.20-—0.30 e 
A~? respectively, indicating a rather good quality of the 
experimental data. 

The typical DED section through the molecular sym- 
metry plane, containing V, C(5), and C(5’) atoms, and 
the midpoints of the opposite C(2)—C(3) and C(2’)- 
C(3’) bonds of the ring is presented in Fig. 3. A 


Table 1 














Fig. 2. Deformation electron density through Cp-ring plane. Contour 
intervals 0.05 e A~*, negative contours dashed. 


characteristic asymmetry of the electron density distri- 
bution near the vanadium atom was observed, that is 
quite usual for transition metal complexes. In this sec- 
tion, two positive DED maxima with the heights of 
about 0.20 e A~> are directed to the rings’ centers, two 
other maxima being located in the V-containing plane 
almost parallel to the Cp-rings. The negative DED 
peaks (about — 0.40 e A~*) were found along V—C and 
V-center C—C bond vectors. The general features of the 
DED maps through the other comparable sections were 
found to be almost the same. It is interesting to note 
some ellipticity of the DED sections through the mid- 
dies of C—C bonds in the Fig. 3. This may reflect the 
contribution of the m-component in the corresponding 
bonds. 

The section through the V-atom and parallel to Cp- 
ring planes is presented in Fig. 4. Four DED minima in 
the vicinity of the metal atom were located in this 
section together with the almost continuous ‘ring-like’ 
(centered at the V atom) distribution of the positive 
DED. The largest value of the DED maxima in this ring 
is equal to 0.35 e A~*. It should be noted that the DED 
picture near the metal atom in 1 is similar to that for 
centrosymmetrical triple-decker complex Cp-—V-—Bz- 
V-Cp (where Bz = C,H,) [16]. 


Molecular geometry of vanadocene at 108 K (libration corrected bond lengths are also given) 





Bond Bond length Libration Bond 


Bond length 
d(A) correction d (A) 


Libration Bond 
correction 





Vv-C(1) 
V-C(2) 
V-C(3) 
vV-C(4) 
v-C(S) 


2.2731) 
2.268(1) 
2.260(1) 
2.267(1) 
2.278(1) 


C(1)-C(2) 
(2)-C(3) 
C(3)-C14) 
(4)-C(S) 
C(1)-C(S) 


Mean 2.26%6) 


1.4131) 
1.41701) 
1.421) 
1.41801) 
1.4141) 


1.41703) 1.426 


1.422 O(2)—C(1)-C(5) 
1.427 CU1)—C(2)—C(3) 
1.432 C(2)-C(3)-Cl4) 
1.427 C(3)-—C(4)-C{5) 
1.424 CU1)-C(S)—Cl4) 


Mean C-—C-—C 
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Fig. 3. DED section through the molecular symmetry plane, contain- 
ing atoms V, C(S), C(S’), and midpoints of the opposite C(2)—C(3), 
and C(2’)—C(3’) bonds of the ring. Contours as in the Fig. 2. 


The observed asphericity of the experimental DED 
distribution near the V-atom is caused by the preferen- 
tial occupancy of the 3d-orbitals due to a relatively 
small overlap between the atomic 3d-metal and ligand 
orbitals, and agrees well with the MO treatment of the 
bonding in metallocenes. According to the numerous 
quantum-chemical calculations of these compounds (see 
for review in Ref. [15]), starting from the first MO 
calculation of the ferrocene by Shustorovitch and Dy- 
atkina as early as 1961 [26], the metal 3d-orbitals, 
transforming as ¢,,, ¢,,, and a,, under axial molecular 
symmetry, will be split through the interaction with the 
corresponding ligand orbital combinations, and mainly 
metal 3d-molecular orbitals follow the sequence: 


€2,(d,,, d,2_,2) < ai,(d,2) < e,,(d 


As a result, the e,, pair becomes antibonding, ¢,, 
bonding, and a,, nonbonding orbitals in 3d-metallo- 


— 











KSSDO). 


Fig. 4. DED section through V atom and parallel to Cp-ring plane. 
Contours as in the Fig. 2. The projection of the rings on this plane is 
shown for clarity with the C(1) and C(2) atoms numbering. 


Table 2 

3d-Occupancies in the vanadocene calculated from X-ray data in the 

multipole approximation 

d orbital Population (e) 

d,2_,2 0.64(8) 

d,,+4,, 0.00(3) 
0.605) 
0.64(7) 





Population (%) 








cenes. It is essential that the a,, molecular orbital is 
localized at the metal atom with the pure 3d_.: orbital 
contribution about 95%, but the metal contribution to 
the other e,, and ¢,, orbitals is smaller [15]. In accor- 
dance with this orbital sequence, the positive DED 
peaks directed to the ring centers (Fig. 3) should corre- 
spond to the occupied 3d.2 orbital, and the ‘ring-like’ 
positive DED to the occupied 3d,,, and 3d,2_,2 or- 
bitals, having essential atomic character. 

It is known, that numerical characteristics of the 
3d-orbital occupancies of the central atom in the transi- 
tion metal complexes may be evaluated from the analy- 
sis of X-ray diffraction data via refinement of these data 
in the multipole approximation [27,28]. This approach 
was used in the present paper for 1, and results of the 
analysis are given in Table 2. 

The results obtained agree well with the general 
features of the DED maps (see Figs. 3 and 4), and with 
other experimental and quantum-chemical data for 
vanadocene [29,30]. According to the electron density 
maps and multipole analysis, the state of the 
metal atom in 1 is the high-spin “A, one; that is in 
agreement with the spectral data (see Refs. [14,15]). The 
depopulation of the 3d-electron density in complex 1 
should be noted. The total number of 3d-electrons is 
1.88(7) instead of 3.0 for the spherical atom, and the 
most depopulated ones in comparison with the spherical 
atom are the ¢,, orbitals. This result was also mentioned 
for other 3d-metal complexes [28], and it may reflect 
some contribution of the covalent metal—ligand interac- 
tion. Thus, very recent valence level photoelectron 
cross-sections data for 3d-metallocenes, including 
vanadocene, give evidence for 3d-orbital covalency in 
the e,, orbitals [31]. For molecule 1, the so-called back 
m-donation from the metal to the ligand may also be 
important. 


3. Experimental and calculation details 


Experimental diffraction data were obtained at 108 K 
for a single crystal of 1 with the linear dimensions about 
0.3 x 0.3 X 0.3 mm’ using a four-circle Nicolet R3m/V 
diffractometer (monochromatized Mo Ka radiation). 
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Crystals of 1 are monoclinic at 108 K: a = 5.7208(6), 
b=8.211(1), c = 8.831(1) A B = 90.941), V= 
414.779) A’, Z = 4, space group P2,/n. 

The total number of 7105 reflections were measured 
using Wyckoff-type scan in the full sphere of the recip- 
rocal space with 20< 90°. After averaging the data 
(Rin = 0.025) and empirical absorption correction (the 
min/max transmission coefficients were found to be 
0.82 /0.95), 2783 independent observed reflections with 
| F | >4.0 o(F) were used in the structure refinement 
by a full-matrix least squares to the final values of 
R = 0.032, R, = 0.038, and GOF=1.15 in the 
anisotropic—isotropic (H atoms) approximation. The 
quasi-high-order refinement using the weighting scheme 
of Dunitz and Seiler [32] with the B = 5.0 converged at 
R=0.031, R, = 0.036, and GOF = 1.18; H-atom pa- 
rameters during this procedure were fixed. The high- 
order refinement of the structure using diffraction data 
with sin @/A>0.65 A~' was also carried out, and 
resulted in nearly the same atomic parameters as previ- 
ous ones. DED maps were obtained with a conventional 
‘X-X’ method using high-order refined atomic model 
and low-angle diffraction data (sin @/A <0.70 A~'). 
All calculations were made with Micro-VAX-II com- 
puter using SHELXTL PLUS programs. 

The multipole calculations were performed using the 
MOLLY program, adapted for a personal computer. The 
multipole population parameters were refined up to 
hexadecapole level (/=4) for V and C atoms, and 
dipole level (/ = 2) for H atoms with the inclusion the 
metal 4s-orbital contribution to the X-ray scattering; 
that resulted in the lowest R-values and goodness of fit 
(R =0.017, R, = 0.027, GOF = 0.98). The obtained 
multipole population coefficients were recalculated to 
the d-electron orbital occupancies using the procedure 
described in Ref. [28]. 
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Abstract 


B(C,F,), reacts with the (1?-acetaldehyde)zirconocene dimer (4) by hydride transfer from the methyl group of a CH ,CHO ligand to 
boron. One of the metallaoxirane moieties of the dizirconium complex is then opened to give the salt [(4?-CH,CHO)ZrCp, - 
(H ,C=CHO)ZrCp, }* [HB(C, F,),]~ (6) that was isolated with an 80% yield. 


Keywords: Aldehyde; Early transition metals; Group 4; Hydride; Zirconium 





Under thermodynamic control (1’-formaldehyde)- 
zirconocene forms a cyclic trimer that contains a central 
six-membered ring of alternating oxygen and zirconium 
atoms to three edges of which methylene groups are 
attached [1]. Under kinetic control the usually applied 
synthetic entry to the [(’~-CH,O)ZrCp,], complexes 
yields a corresponding cyclodimer (2) [2]. Here the CH, 
groups are attached to the edges of a central Zr,O0, 
four-membered metaloxide ring. These polymetallacy- 
cles have been used as molecular Fischer—Tropsch 
models. The CH, groups of for example 2 can be 
oligomerized by adding a trialkylborane catalyst [3]. In 
addition, many insertion reactions into the reactive Zr- 
CH, bonds of 2 have been realized [4]. The pronounced 
metallaoxirane character of the structural subunits of 2 
was also utilized in a variety of (1’-formaldehyde)- 
zirconocene transfer reactions leading to novel 
organometallic substrates [5] (for selected examples see 
Scheme 1). 

In a similar way we have recently prepared the 
(n?-acetaldehyde)zirconocene dimers (4). In this case a 
mixture of two diastereoisomers is obtained (of C,; and 
C,-symmetry respectively, in a 1.7: 1 ratio under ther- 
modynamic control). The dimetallatricyclic systems of 
4 also contain reactive zirconium to carbon o bonds 
that undergo the typical insertion chemistry [6]. In 
addition, the presence of methyl groups at the metal- 
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laoxirane rings allows for some reactions that have not 
been observed for the unsubstituted parent system 2. 
These seem to make use of some typical “‘cyclopropane 
character’ of the three-membered metallacyclic ring 
system in such Group 4 organometallic systems. We 
here describe a typical example, namely the reaction of 
the (n’-acetaldehyde)zirconocene dimers 4 with the 
strong Lewis acid B(C,F,), (Scheme 2). 

The (n?-acetaldehyde)zirconocene dimer (4) (kinetic 
1:1.5 mixture of the trans and cis diastereoisomers) 
was dissolved in toluene and then treated with approxi- 
mately twofold molar excess of tris(pentafluoropheny|)- 
borane at room temperature. The product precipitated 
from the solution and was isolated as an orange—yellow 
solid (6), yield about 500 mg (80%); melting point 
(differential scanning calorimetry), 47°C (decomposi- 
tion). Anal. Found: C, 47.69, H, 2.90. C.H 23 BF,,O, Zr, 
calc.: (1042.9) C 48.37, H 2.71%. The 'B NMR spec- 
trum (d, ‘J, = 90 Hz at —25.5 ppm in CD,Cl, solu- 
tion at 64.2 MHz, 300 K) and the IR spectrum (v__ 
= 2377 cm™') revealed the presence of the hydrido- 
tris(pentafluorophenyl)borate anion [7,8]. The IR spec- 
trum exhibits additional strong features at »= 3121, 
2970, 2914, 2875, 1641, 1616, 1510, 1461, 1371, 1272, 
1158, 1150, 1103, 1080, 1019, 976 and 813 cm™'. 

The newly formed compound 6 still contains one 
intact (1’-acetaldehyde)zirconocene moiety inside the 
framework of the cationic dizirconocene complex. This 
is evident from the 'H and “°C NMR features of the 
CH,CHO group. 'H NMR: 6 1.88 (d, °J = 6.2 Hz, 3H, 
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Scheme 1. Synthesis and selected reactions of the (7-formaldehyde)zirconocene dimer. 


CH,), 4.48 (q, “J = 6.2 Hz, 1H, CH) ppm. °C NMR: 6 
24.8 (‘Joy = 126 Hz, CH,), 93.4 (‘J = 155 Hz, CHO) 
ppm. The methine coupling constant of ‘de = 155 Hz 
is very typical of the metallaoxirane moiety [2-6]. The 
(7?-CH ,CHO)Zr subunit contains a center of chirality. 
Therefore the cyclopentadienyl ligands at each bent 
metallocene group of the dinuclear complex 6 are di- 
astereotopic. Accordingly, four 'H and °C NMR Cp 
resonances are found. 'H NMR (CD,Cl,, 300 K) 6 
6.53, 6.48, 6.06, 6.04 ppm. °C NMR: 6 116.6, 116.4, 
110.3, 110.1 ppm. The remaining signals of the 'H 
NMR spectrum of 6 exhibit a three proton AMX pattern 
(5 = 6.62, 4.50, 4.10 ppm with coupling constants J= 
13.7 and 6.0 Hz, *J = 2.8 Hz). We think that this vinyl 
group is connected to oxygen, which is in accord with 
the observed '*C NMR chemical shifts 6 = 155.1 (‘Jey 
= 183 Hz, -CH=CH,), 97.3 (‘J,, = 154 and 165 Hz, 
—CH=CH,) ppm. 

The formation of 6 can readily be explained if some 
metallaoxirane character of the (1’-acetaldehyde)- 
zirconocene moiety is assumed. Hydride transfer from 
the methyl group to B(C,F,), creates a heteroanalogous 
cyclopropylcarbinyl cation system 5 that might find 


some electronic stabilization in the bisected conforma- 
tion [9] as depicted in Scheme 2. Subsequent cleavage 
of the adjacent endocyclic zirconium to carbon o bond 
seems to represent the most favorable pathway of stabi- 
lization of the intermediate 5, that directly leads to the 
formation of the organometallic onium complex 6. We 
conclude that this typical reaction of 4 with the hydride 
abstractor B(C,F,;), provides additional evidence of the 
pronounced metallaoxirane character of the (1’-al- 
dehyde)zirconocene species. 
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Abstract 


Three optically active phosphanes, [(S)-2-methylbutyl],_, Piphenyl], (n = 0, 1, 2), were tested as ligands in rhodium(I) complexes to 
form catalysts for the enantioselective dimerisation of (R)- and (S)-oct-1-yn-3-ol. The catalytic reaction provides enantioselectivity for 
this type of C—C bond formation. For reactions at 45—-75°C and depending on the P-ligand used the rates vary for both enantiomers from 


6:1 to 50:1 in favour of the (S)-octynol. 


Zusammenfassung 


Drei optisch aktive Phosphane [(S)-2-Methylbutyl],P{phenyl], (n= 0, 1, 2), wurden als Liganden in Rhodium(I)-Komplexen 
eingesetzt, um eine enantioselektive Dimerisierung von (R)- und (S)-Oct-1-in-3-ol zu erreichen. Die untersuchte Reaktion ergibt eine 
Enantioselektivitat fiir diese Art der C-C Verkniipfung. Fir Reaktionen von 45—75°C und abhiangig vom eingesetzten P-Liganden 
differieren die Umsetzungsgeschwindigkeiten fiir beide Enantiomeren von 6: 1 bis 50:1 zugunsten des (S)-Octinols. 


Keywords: Catalysis; Chirality; Alkyne; Phosphine; Rhodium 





1. Einleitung 


Die Dimerisierung von a-Hydroxyacetylenen, kata- 
lisiert von Rhodium-Phosphan-Komplexen, war Gegen- 
stand einiger Untersuchungen [1—4], deren Schwerpunkt 
die Variation der sterischen und elektronischen Eigen- 
schaften der Phosphanliganden und der Substrate sowie 
des Rhodium-Phosphan-Verhiltnisses darstellte. Das 
Hauptinteresse galt den aus diesen Variationen resul- 
tierenden qualitativen und quantitativen Veranderungen 
des Produktspektrums sowie daraus ableitbaren Aus- 
sagen zum Reaktionsablauf. 

Ziel der vorliegenden Untersuchung [5] war es, einen 
ersten VorstoB auf das Gebiet der Dimerisierung von 
chiralen a-Hydroxyacetylenen mit chiralen Rhodium- 
Phosphan-Komplexen zu unternehmen. Damit sollte un- 
tersucht werden, ob diese katalytische Reaktion einer 
C-—C-Kniipfung sich fir eine enantiomerenselektive 
Synthesen nutzen 1|46t. In Vorversuchen hatte sich 
gezeigt, daB Biphosphane als Liganden fiir die 
Dimerisierung von Alkinolen nicht zu aktiven Rhodi- 
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umkomplexen filhren; danach war der Einsatz von chi- 
ralen Bisphosphanen nicht erfolgversprechend. Es wurde 
deshalb untersucht, ob einfache Phosphane mit einem 
Chiralitatszentrum in einem aliphatischen Substituenten 
am Phosphor geeignete Liganden fur cine enantioselek- 
tive Dimerisierung darstellen. 

Als a-Hydroxyacetylen wurde fiir dieses Projekt 
Oct-1-in-3-ol gewahlt, dessen Enantiomere aus dem 
racemischen Gemisch isoliert wurden [6,7]. Die 
Rhodium-Phosphan-Komplexe wurden in situ aus Di- 
p-chloro-bis-(1,5-hexadienrhodium(1)) [8,9] und [(S)-2- 
Methylbutyl-], [phenyl], phosphanen (n = 0, 1, 2) 
[10,11] erzeugt und bei Reaktionstemperaturen von 45— 
75°C mit den Enantiomeren des Octinols in Toluol als 
Lésungsmittel umgesetzt. Wahrend der Reaktion wur- 
den Zeit-Umsatz-Bestimmungen durchgefuhrt. 

Als Dimere entstanden in 1,4-Stellung (I) bzw. in 
2,4-Stellung (II, Hauptprodukt) disubstituierte Enine. 

Als Resultat ergab sich, daB (S)-Oct-1-in-3-ol im 
Vergleich zu seinem Enantiomeren, bei sonst konstan- 
ten Reaktionsbedingungen, mit [(S)-2-Methylbutyl], _ ,- 
[phenyl], phosphanen (n= 0, 1, 2) und Rhodium als 
Katalysatorelement schneller zu Dimeren abreagiert 
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OH 
R (1H Vi 


(2)H 
(3)H e, 


Il 


(4)H OH 
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(Tabelle 1). Dieser Sachverhalt la8t sich mit den fiir 
verschiedene Reaktionstemperaturen bestimmten Ge- 
schwindigkeitskonstanten belegen. Die starkste Dif- 
ferenzierung fiir die Umsetzung der enantiomeren Octi- 
nole ergibt sich fiir alle drei Phosphane bei 75°C als 
Reaktionstemperatur. Die aus den Geschwindigkeits- 
konstanten und den korrespondierenden Reaktionstem- 
peraturen abgeleiteten Aktivierungsenergien weisen 
ebenfalls deutliche Differenzen auf. Damit wird es auch 
méglich sein, ausgehend von einem racemischen 
Gemisch, eines der enantiomeren Alkinole bevorzugt 
umzusetzen. 


2. Experimenteller Teil 


Die Reaktionsansatze wurden in mit Deckel und 
Teflonseptum verschraubbaren Reagenzglasern (10 ml) 
durchgefuhrt. Die einzelnen Komponenten wurden in 
Form verdiinnter toluolischer Lésungen bekannter 
Konzentration einpipettiert und auf ein Endvolumen von 
5 ml aufgefullt. In den Reaktionsansatzen lagen vor: 11 


Tabelle 1 


pmol Di-p-chloro-bis-(1,5-hexadienrhodium(I)), 2,5 
mmol (S)- oder (R)-Oct-1-in-3-ol, 373 pmol 1,2,4,5- 
Tetramethylbenzol (innerer Standard) und 131 pmol 
[(S)-2-Methylbutyl-], ,[phenyi],-phosphan (die Phos- 
phane wurden spektroskopisch charakterisiert und ihre 
Reinheit gaschromatographisch bestatigt). 

Die Ansitze wurden bei 75°C, 60°C und 45°C zur 
Reaktion gebracht. Zur Bestimmung von Zeit-Umsatz- 
Werten (Umsatz = abreagiertes Alkinol) wurden Proben 
durch die Septen Nach 15, 30, 45 und 60 Minuten 
entnommen und gaschromatographisch analysiert. Dazu 
wurde ein VEGA 2000 Gaschromatograph (Carlo Erba) 
mit einer 20 m Kapillarsaéule der Firma ASS-Chem (Typ 
DB 1701, Filmdicke 0,2 ym, Innendurchmesser 0,18 
mm) sowie ein Integrator der Firma Merck-Hitachi D 
2000 benutzt. 

Die Dimeren I und II wurden saulenchroma- 
tographisch abgetrennt, gereinigt und danach 'H-NMR- 
spektroskopisch in CDU, charakterisicrt. 

Hexadeca-7( E )-en-9-in-6,1 1-diol (Dimer I): 0.78 (m), 
1.20 (m), 1.37 (m) und 1.57 (m) R=C,H,,, 22H; 3.6 
(s) OH; 3.99 (m) H(3); 4.33 (m) H(4); 5.60 (d, 15.9 Hz) 
H(2); 6.00 (dd, 15.9 und 6.0 Hz) H(1). 

2-(1'-hydroxyhexyl)-deca-1-en-3-in-5-ol (Dimer II): 
0.84 (m), 1.25 (m), 1.60 (m) R=C,H,,, 22H; 3.6 (s) 
OH; 4.03 (t, 6.2 Hz) H(3); 4.39 (t, 6.3 Hz) H(4); 5.27 
(schmales m), 5.31 (schmales m) H(1) und H(2). 
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Abstract 


It has been shown by IR spectroscopy that cyclic trimeric perfluoro-o-phenylenemercury (o-C,F,Hg), is capable of binding 
thiocyanate anions in acetone solution, forming complexes whose composition is dependent on the ratio of reagents. In the interaction of 
(o-C,F,Hg), with an equimolar amount of ["Bu,N]*SCN~ in ethanol the complex formulated as [(o-C,F,Hg),(SCN)]~["Bu,N]* has 
been isolated. An X-ray diffraction study of the complex has revealed that in the solid state it is polymeric and contains an infinite helical 
chain of alternating (o-C,F,Hg), molecules and thiocyanate anions. Every SCN~ ion in the complex is bonded to the mercury atoms of 
two neighbouring molecules of the macrocycle through the sulphur atom and forms with each of these molecules two relatively short 


Hg -- - S bonds and one considerably longer Hg - - - S bond. 


Keywords: Mercury; Crown compounds; Macrocycle 





As part of our continuing studies [1] of anion binding 
and catalytic properties of cyclic multidentate Lewis 
acids we have recently described [1b] the unusual com- 
plexes of bromide and iodide anions with cyclic trimeric 
perfluoro-o-phenylenemercury (o-C,F,Hg), (D 


b 
F 7 
f 
F Hg F 
Hg (I) 
F Hg ia 
ig 
b ia 


F 
which contains three Hg atoms in a planar 9-membered 
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cycle [2]'. The complexes are formulated as [(o- 
C,F,Hg),X]~ (X = Br, I) and have (in the solid state) 
an unprecedented structure of polydecker bent sand- 
wiches [(---1---X---),])*" wherein each halide an- 
ion is coordinated with six mercury atoms of two 
neighbouring molecules of I. 

Here we report the ability of macrocycle I to bind 
thiocyanate anions effectively with formation of com- 
plexes whose composition is strongly dependent on the 
reagent ratio. 

On addition of I to the excess of ["Bu,N]*SCN™ in 
acetone at room temperature (1: SCN~ = 1: 20-2, 
[SCN~], = 0.02 M) the intensity of the v,, band of 
free thiocyanate anions (at 2056 cm~') in the IR spec- 
trum decreases and two new v,, bands (at 2022 and 
2075 cm~') appear indicating a complexation of SCN™ 
with the mercury atoms of I. On raising the 1: SCN™ 


' For other works on binding of anions by cyclic multidentate 
Lewis acids see, e.g. Refs. [3-6]. 
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molar ratio to 1:1, a band of free SCN™ ions disap- 
pears whereas the intensities of v,, bands of com- 
plexed SCN~ species increase. This is accompanied by 
a shift of a band at 2022 cm™' to 2014 cm™'. The 
position of the other »,, band (at 2075 cm™') is 
virtually unaffected by raising the I: SCN™ ratio. Use 
of excess I with respect to SCN~ (I: SCN~ = 20-2:1, 
[SCN~ ], = 0.002 M) leads to a decrease in the intensi- 
ties of the 2014 and 2075 cm™' bands and to the 
appearance of one more vy band at 2044 cm~'. These 
spectral changes are apparently due to the formation of 
complexes with different compositions in the solution. 

When the reaction of I with an equimolar amount of 
["Bu,N]*SCN~ is carried out in ethanol ([SCN~], = 
0.02 M) at 20°C, rapid precipitation of a fine crystalline 
colourless complex of the composition [(0-C,F,Hg),- 
(SCN)]"["Bu,N]* (ID occurs. The IR spectrum of 
acetone solution of the complex ({II], = 0.02 M) con- 
tains the above-mentioned v,, bands at 2014 and 2075 
cm~' with the same intensity ratio (~ 1:4). The IR 
spectrum of II in Nujol mull differs markedly from that 
in acetone and shows two v,, bands of equal intensity 
at 2056 and 2096 cm~'. A study of the Raman spectra 
of the single crystal of II (2057 and 2098 cm™~') in 
polarized light has shown that the appearance of two 
Vcy bands in the spectra of solid complex is caused by 
the Davydov splitting [7], hence, the value of ~ 2077 
cm~' can be ascribed to the stretching vibrations of the 
CN bond of the thiocyanate ligand in II. The IR spec- 
trum of ["Bu,N]*SCN~ in Nujol mull displays the sole 
Ven band at 2056 cm~', i.e. coordination of the SCN~ 
ion to I with formation of II increases the v,, fre- 
quency by 21 cm~'. A band of v., in the IR spectrum 
of II (Nujol mull) is observed at 668 cm™~', which is 64 
cm~' lower than the corresponding v.,. frequency (732 
cm™~') in the spectrum of solid ["Bu,N]* SCN~. Thus, 
the coordination of the SCN™ ion to I probably leads to 
some strengthening of the CN bond of the thiocyanate 
ligand and to weakening of its SC bond. 

An X-ray diffraction study of II [8] has shown that in 
the solid state the complex is polymeric {[(o- 
C,F,Hg),(SCN)],}°~ and contains an infinite helical 
chain which is made up of alternating molecules of I 
and thiocyanate anions (Fig. 1). Every SCN™ ion in the 
complex is bonded to the mercury atoms of two neigh- 
bouring molecules of the macrocycle through the sul- 
phur atom and forms with each of these molecules two 
relatively short Hg - - - S bonds (3.06(1), 3.36(1) A and 
3.191), 3.36(1) A) and one considerably longer 
Hg - -- S bond (3.74(1) and 3.87(1) A; the sum of the 
Van der Waals radii of the Hg and S atoms is 2.1 + 
1.85 = 3.95 A [10]. A pronounced asymmetry of the 
sulphur atom coordination with the mercury atoms in II 
is apparently due to the steric repulsions between the 
CN fragment of the coordinated SCN~ ion and the 
carbon and fluorine atoms of I which results in pushing 


Fig. 1. The fragment of infinite polyanionic chain {{(o- 
C,F,Hg),(SCN)],}°~ in the structure of II. The F atoms of pheny- 
lene rings are omitted for clarity. 


the thiocyanate anion out of the space between the 
macrocycles. The above-mentioned complexes of I with 
iodide and bromide anions, which also have a polymeric 
structure {[(o-C,F,Hg),X],}°~ in the solid state, are 
characterized by considerably more symmetrical coordi- 
nation of the anionic centre with the Hg atoms. 

The geometry of the thiocyanate ligand in II just as 


that of free SCN~ ion is close to linear (the SCN bond 
angle in II is 173(4)°). Unfortunately, the limited accu- 
racy of the X-ray experiment would not allow judge- 
ment on the influence of the complexation of SCN™ 
with I on the CN bond length (1.105) A in ID. 
Nevertheless, some elongation of the SC bond in Il 
(1.74(4) A) as compared with the corresponding value 
for the free SCN~ ion (e.g. 1.613 and 1.643 A in the 
structures of trimethylsulfoxonium [11] and sodium [12] 
thiocyanates respectively) is obvious. It is consistent 
with the above-mentioned decrease in the v, fre- 
quency in the IR spectra on transition from 
["Bu,N]*SCN~ to complex II. 

Molecules of I in II exhibit, as a whole, considerable 
deviations from planarity (up to 0.4 A), their mercury— 
carbon frameworks being non-planar as well (maximum 
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displacements from the mean planes are as large as 0.3 
A). Only the central 9-membered rings may be consid- 
ered planar, although even these rings show noticeable 
deviations (up to 0.1 A) from planarity. The mean 
planes of the neighbouring rings in the chain are non- 
parallel, forming the dihedral angle of 36.9°. 

The S---N vector in II is inclined by 14.6 and 
22.3° to the mean planes of the central 9-membered 
rings of two neighbouring molecules of I. Two adjacent 
SCN~ groups in the polymeric chain of II are related 
by the 4, symmetry operation and the S - - - N vector is 
almost normal to the z-axis of the unit cell. Therefore, 
the angle formed by the S - - - N vectors of the adjacent 
SCN™~ groups (89.7°) is close to 90°. 
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Abstract 


Because of the nearly negligible crystal field (CF) strength of [HBpz,]~ (pz = pyrazol-1-yl) and [HB(3, 5-Me,pz),]~ ligands, 


respectively, the recently described (COT) Ln(HBpz,) and (COT) La{HB(3, 5-Me,pz),] complexes (COT = 


n*-cyclooctatetraenyl) may 


be looked upon as simple [Ln(COT)]* moieties from the aspect of CF theory. The CF splitting pattern of [Pr(COT)]* could be derived on 
the basis of optical spectra and simulated by fitting the free parameters of an empirical Hamiltonian. The Slater and spin orbit coupling 
parameters are discussed in terms of covalency. The CF parameters obtained were inserted in the energy matrix of the spin-free f' case 
and the calculated orbital energies are compared with the predictions of previous MO calculations for [Ce(COT),]~, Ce(COT), and 


U(COT),. 


Keywords: Praseodymium; Cyclooctatetraenyl; Optical spectra; Ligand field theory; MO calculations 





1. Einfuhrung 


Die von Fischer aufgrund der Ergebnisse von 
Molekiilorbita(MO)-Rechnungen postulierte Existenz 
von Bis(7*-cyclooctatetraenyluran(IV) [‘‘Uranocen’’; 
U (COT),] [1] veranlaBte Mitte der sechziger Jahre 
diverse Arbeitskreise zu Syntheseversuchen von COT- 
Verbindungen der f-Elemente. In der Tat gelang 1968 
die Erstdarstellung von U(COT), [2], 1970 die von 
K[Ln(COT),] (Ln = Ce, Pr, Nd, Sm, Tb) [3] und 1976 
die von Ce(COT), [4]. Seitdem waren die f-Element- 
Metallocene Gegenstand zahlreicher physikalisch- 
chemischer Untersuchungen mit dem Ziel, die Elektro- 


* XXXVIL. Mitteilung siehe Lit. [23]. Herrn Prof. Dr. R.D. Fischer 
zum 60. Geburtstag gewidmet. 
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nenstrukturen dieser Verbindungsklassen aufzuklaren 
[5-10]. 

Wegen der Existenz eines Inversionszentrums und 
des damit verbundenen strengen Laporte-Verbotes sowie 
energetisch niedrig liegender Charge-transfer-Ubergange 
waren den optischen und magnetooptischen Unter- 
suchungen im Bereich der f-f-Ubergiinge nur ein sehr 
begrenzter Erfolg beschieden [5-10]. Die verwertbaren 
Experimente fiir die Ableitung der zugrundeliegenden 
Kristallfeld (KF)-Aufspaltungsmuster erstreckten sich 
lediglich auf Bestimmungen der Temperaturabhangig- 
keit der paramagnetischen Suszeptibilitat und der isotro- 
pen NMR-Verschiebungen ausgewahlter Kerne mit ge- 
ringen Kontaktanteilen sowie auf maximal zwei elektro- 
nische Raman-Uberginge bei U(COT), [7,10-12]. 

Flankierend wurden zahlireiche Modellrechnungen 
unterschiedlicher Schwierigkeitsgrade durchgefihrt [9 
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Abb. 1. Molekiilstruktur von (COT)Sm[{HB(3,5-Me, pz), ] [15]. 


10,13,14], die jedoch zu stark differierenden Ergebnis- 
sen fulhrten (vgl. Abb. 1). 

Die kiirzlich beschriebenen (COT)Ln - L-Komplexe 
(Ln = Ce-Sm; L = Hydrotris(pyrazol-1-yl)borato 
[HBpz,]~, Hydrotris (3,5-dimethylpyrazol-1-yl)borato 
[HB(Me,pz),]~) weisen kein Inversionszentrum auf 
[15], weshalb sich ihre KF-Aufspaltungsmuster in den 
optischen und magnetooptischen Spektren direkt wider- 
spiegeln. Gema8 friiheren Untersuchungen besitzt der 
[HBpz,]~- und damit auch der [HB(Me, pz),]~-Ligand 
eine nahezu vernachlassigbare Ligandenfeldstarke [16]. 
Vom KF-theoretischen Standpunkt kénnen die oben 
genannten Komplexe deshalb als weitgehend ungestorte 
[Ln(COT)]*-Einheiten betrachtet werden, so da8 nun- 
mehr die einzigartige Chance besteht, die vom COT- 
Liganden verursachten KF-Effekte experimentell zu er- 
fassen. 

In der vorliegenden ersten Untersuchung geben wir 
dem zitronengelben 4f*-System (COT) Pr[HB(Me, pz), ] 
(1) den Vorzug, da hier die interessierenden f-f- 
Ubergange nicht durch intensive Charge-transfer-Banden 
verdeckt werden und diese Verbindung zudem gut fluo- 
resziert, weshalb das zugrundeliegende KF-Aufspal- 
tungsmuster durch Kombination absorptions- und lumi- 
neszenzspektroskopischer Befunde weitgehend liicken- 
los aufgestellt werden kann. 


2. Experimentelles 


Gepulvertes 1 wurde in Befolgung der in Lit. [15] 
angegebenen Arbeitsvorschrift hergestellt. Tieftempera- 
tur-Absorptionsmessungen zeigten jedoch, daB 1—je 
nach Syntheseversuch—mit ca. 5%-—30% THF-Addukt 
verunreinigt war. Durch extrem langsames Abkiihlen 
einer nahezu gesattigten Lésung des Rohproduktes von 


1 in einer Mischung von Methylcyclohexan und Toluol 
im Verhiltnis 2:1 resultierten zitronengelbe Kristalle 
(mit typischen Volumina von 1-3 mm’) deren Absorp- 
tionsspektren die fiir das THF-Addukt charakteristi- 
schen Banden nicht mehr erkennen lieBen. 


3. Ergebnisse 


Uber Einzelheiten der optischen, magnetooptischen 
und magnetochemischen Messungen, deren Auswer- 
tung, die Ableitung des entsprechenden KF-Aufspal- 
tungsmusters sowie dessen rechnerische Simulation 
unter Beriicksichtigung der trigonalen St6érung wird an 
anderer Stelle berichtet [17]. Hier soll zuniachst die 
allgemeine Verfahrensweise kurz skizziert, dann die 
durch Anpassung des experimentell ermittelten KF- 
Aufspaltungsmusters erhalten Parameter hinsichtlich 
Bindungsfragen naher diskutiert und schlieBlich die er- 
zielten experimentellen Ergebnisse mit den Voraussagen 
friiherer Modellrechnungen verglichen werden. 

Im Rahmen des sogenannten phainomenologischen 
oder parametrischen Ansatzes werden die offenen Para- 
meter eines empirischen Hamilton-Operators H = Hy + 
Hy, dem auf experimenteller Basis abgeleiteten KF- 
Aufspaltungsmuster der betreffenden Verbindung im 
Sinne der Methode der kleinsten Fehlerquadrate 
angepaBt [18]. Der Hamilton-Operator des freien Ions 
H,, umfaBt bei Mehrelektronensystemen neben diversen 
kleineren Wechselwirkungen vor allem die interelektro- 
nische AbstoBung und die Spin-Bahn-Kopplung, die zu 
den Slater-Parametern F*, F* und F° bzw. Zu dem 
Spin-Bahn-Kopplungsparameter { fiihren [18]. Das bei 
[Pr(COT)]* naherungsweise vorliegende KF der Sym- 
metrie C,, gibt im Hamilton-Operator des KF (H,,) 
lediglich zu den Parametern B;, Bi und Bo AnlaB 
[6,9]. 

GemaB den experimentellen Befunden spalten bei 1 
die (bei Annahme strenger C,.-Symmetrie) zweifach 
entarteten KF-Zustande unter dem EinfluB des trigona- 
len Stérfeldes des [HB(Me,pz),]~-Liganden in zwei 
Komponenten mit maximalen Energieseparationen von 
43 cm™' auf. Unter Vernachlassigung dieser Aufspal- 
tungen konnte durch Schwerpunktbildung der beobach- 
teten Bandenlagen in den Absorptions- und Lumi- 
neszenzspektren das KF-Aufspaltungsmuster des fik- 
tiven Halbsandwich-Komplexes [Pr(COT), ]* aufgestellt 
werden. 

Durch Anpassung der offenen Parameter des oben 
erwahnten empirischen Hamilton-Operators gelang es, 
das so erhaltene KF-Aufspaltungsmuster mit einer 
r.m.s.-Abweichung von 31 cm~' bei 33 Zuordnungen 
rechnerisch zu reproduzieren. Die fiir Bindungsfragen 
und die Diskussion spektrochemischer Effekte relevan- 
ten Parameter F*, £, B?, B} und B® nahmen dabei die 
Werte 66238, 748, —21, —3732 und 254 cm™' an. 
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Tabelle 1 
Vergleich der Ligandenfeldstirken einiger reprasentativer Pr''- bzw. 
U'Y-Verbindungen. (Alle Werte in cm~') 


Verbindung N, /\(4) 


[Pr(COT)}* 1246 * 
[Pr(COT),}~ 2492 * 
[Ce(COT),}~ 503° 
Ce(COT), 5739° 
U(COT), 3928 > 
U(COT), 9700 > 
U(COT), 9238 ° 
U(COT), 1711” 
U(COT), 3234" 
Cp,Pr NCCH, 1003 * 
Cp,La(NCCH ,),:Pr 1086 * 
Cp,UCI 2325 * 
[Cp,U(NCBH ,),}” 2834 * 
Cs, NaPrCl, 865 * 
Cs,UCl, 2445 * 





Literatur 








* Auf experimenteller Grundlage abgeleitet. 
* Auf der Basis von Modellrechnungen abgeleitet. 
* S. Text. 


4. Diskussion 


Der Parameter N,//(47) = y[Z,,.( BY)? /(2k + 1) 
wird iiblicherweise als ein Ma fiir die GréBe der 
Ligandenfeldstarke betrachtet [19]. Nach Einsetzung der 
hier gefundenen Parameter Bj}, Bj und Bf in obige 
Beziehung erhalt man N,//(42r) = 1246 cm~' fiir den 
Halbsandwich [Pr(COT)]* und damit in erster Naherung 
2492 cm™' fiir den Vollsandwich [Pr(COT),]~. In der 
Tabelle 1 wird dieser auf experimenteller Grundlage 
erhaltene Wert mit den auf Modellrechnungen basieren- 
den Ergebnissen fiir [Ce(COT),]~, Ce(COT), * bzw. 
U(COT), verglichen (vide infra). Zu Vergleichs- 
zwekken sind dort auch die ‘‘experimentellen’’ 
N,/\(42)-Werte einiger reprisentativer Pr™ - und U'Y- 
Verbindungen angegeben. 

Offenbar ist der auf Experimenten beruhende Wert 
von [Pr(COT),]~ nahezu um den Faktor fiinf gréBer als 
der berechnete von [Ce(COT),]~ [20] und bewegt sich 
teilweise im selben Rahmen wie der fiir U(COT), er- 
wartete und bei anderen U'Y-Verbindungen gefundene 
Betrag. 

Um die Ligandenfeldstarke des COT- und des 7°- 
Cyclopentadienyl (Cp)-Liganden bei festgehaltenem 
Zentralion vergleichen zu kénnen, waren die KF-Para- 
meter des monomeren basenfreien Cp',Pr (Cp’ = 1,3- 
Bis(trimethylsilyl)cyclopentadienyl) [28] erforderlich. 
Da diese derzeit nicht in ausreichend verlaBlicher Form 
verfiigbar sind [29], wird hier auf die gesicherten KF- 
Parameter der Mono- und Bisacetonitriladdukte des 
Grundkérpers Cp,Pr zuriickgegriffen [22,23] (vgl. 


* GemaB neuesten Modellrechnungen soll hier eine f'-Konfigura- 


tion vorliegen [14]. 


Tabelle 1). Vernachlassigt man den Einflu8 der Neutral- 
basen, dann ist die von den f-Funktionen des Pr-Zentra- 
lions ‘‘wahrgenommene’’, Ligandenfeldstarke eines 
COT-Ringes um den Faktor 3.5 stiirker als die eines 
Cp-Ringes. Auf ein einziges C-Atom bezogen, ist die 
Ligandenfeldstarke beim COT-Ring immerhin noch 
mehr als doppelt so groB wie beim Cp-Liganden. 

Die naheliegende Annahme, daB die erhdhte Ligan- 
denfeldstarke des COT-Ringes durch einen deutlich 
gréBeren Grad an Kovalenz hervorgerufen wird, mu8 
jedoch verworfen werden, da die nephelauxetischen 
Parameter B = Fixompiex)/Fitreies tony» OZW- die relativisti- 
schen nephelauxetischen Parameter B’ = CK ormpiex)/ 
cifreies tony» die als ein Ma® fiir die Kovalenz einer 
Verbindung betrachtet werden [30], bei [Pr(COT)]* ( 
= 0.922, B’ = 0.977), Cp,PrNCCH3 ( B = 0.919, B’ = 
0.970) [22] und Cp,La(NCCH,),:Pr ( 8 = 0.927, B’ = 
0.977) [23] vergleichbar sind. Vielmehr diirfte der bei 
[Ln(COT)]* deutlich verringerte Ln-C-Abstand (259.5 
pm bei (COT)Sm(HBpz,) [31], 276.3 pm bei triklinem 
Cp,Sm - NCCH, [32]) und die dabei exponentiell zu- 
nehmenden elektrostatischen Krafte hierfiir verantwort- 
lich sein. 

Die Einsetzung der mit dem Faktor zwei multi- 
plizierten KF-Parameter von [Pr(COT)]* in die Ener- 
giematrix des spinfreien f'-Problems (das einem KF der 
Symmetrie D,, ausgesetzt ist) [9] und deren 
anschlieBende Diagonalisierung fihrt zu den Energien 
der resultierenden f-Orbitale der Symmetrien a,,, ¢,,, 
e,, und e,, von [Pr(COT),]~. In Abb. 2 wird das so 
erhaltene, fiir [Pr(COT),]~ repriisentative Orbital- 
energiediagramm mit ausgewahlten berechneten MO- 
Schemata von [Ce(COT),]~ [20], Ce(COT), [21] und 
U(COT), [6,10,20] verglichen. 

In all diesen Schemata hat das iiberwiegend f-Char- 
akter besitzende antibindende Orbital e,, (entsprechend 
den f-Funktionen f,,, und f,,,2_,2)) die héchste Ener- 
gie. Somit wird Streitwiesers Vision einer besonderes 
starken Wechselwirkung zwischen den Ringorbitalen 
der Rasse e,, und dem f,,,- bzw. f,,.2_ ,2)-Orbital [33] 
sowohl durch das Experiment als auch durch samtliche 
Modelirechnungen bestatigt. 

Es fallt auf, daB lediglich die jiingeren Modellrech- 
nungen von Chang und Pitzer [10] sowie von Boerrigter 
et al. [13] fiir U(COT), zu der gleichen energetischen 
Sequenz der f-Orbitale fiihren wie das Experiment fiir 
[Pr(COT)]* und somit auch fiir [Pr(COT),]~. Es war 
naheliegend, auf der Grundlage der von Chang und 
Pitzer [10] bzw. Boerrigter et al. [13] * berechneten 
MO-Schemata von U(COT), die KF-Parameter abzu- 
schitzen und mit denen von [Pr(COT),]~ zu verglei- 


* Das MO-Schema von Lit. [13] wurde in Abb. 2 nicht aufgenom- 
men, da es den Rahmen der Graphik sprengen und somit zu einer 
uniibersichtlichen Darstellung fihren wiirde. 
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FPACOT,y UCOT, [CACOT,T CACO, UCOT, U(COT, 
deme Actat = [10 [29 (21) (20) 4 


Abb. 2. Vergleich des auf experimenteller Basis abgeleiteten Orbital- 
energieschemas des fiktven Komplexes [Pr(COT),]~ mit den be- 
rechneten MO-Schemata von [Ce(COT),]~, Ce(COT), und U(COT), 
im f-Energiebereich. 





chen. Nach Gleichsetzung der berechneten Energien der 
f-ahnlichen Orbitale (f-' [VO-Rechnung der Tabelle 2, 
Lit. [10]; bzw. Abb. 2, Lit. [13] entnommen * mit den 
parameterbehafteten Orbitalenergien eines spinfreien f- 
Elektrons in einem KF von D,,-Symmetrie [9] erhilt 
man die in Tabelle 2 angegebenen KF-Parameter von 
U(COT),. 

Offenbar ist in beiden Fallen—ahnlich wie bei 
[Pr(COT)]* und damit auch bei [Pr(COT),]”-—der mit 
negativem Vorzeichen versehene Parameter Bj domi- 
nant, jedoch ist der Betrag von B} bei Boerrigter et al. 
um den Faktor 2.4 gréBer als bei Chang und Pitzer. 
Angesichts des Befundes, dab die Ligandenfeldstarke 
beim Gang von einer Pr"'- zu einer vergleichbaren 


° Die entsprechenden numerischen Werte sind nach Auskunft der 
Autoren nicht mehr verfiigbar. 


Tabelle 2 

Vergleich postulierter und angepabter KF-Parameter. (Alle Werte in 
1 

cm") 





By By By N, /y4m 
U(COT), —220 -—11779 +2905 3928 
U(COT), +223 -—28440 +7465 9700 
[Pr(COT), } -42 -7464 +508 2492 


* S. Text. 





Chang / Pitzer * 
Boerrigter et al. 
diese Arbeit 





U'Y-Verbindung haufig um den Faktor drei vergréBerte 
Werte annimmt (vgl. Tabelle 1) und bei [Pr(COT),]~ 
ein N,//4-Wert von 2492 cm™' gefolgert wurde, 
diirften realistische N,//47-Werte fiir U(COT), in der 
Gegend von 7500 cm™' liegen, und sich die zugrun- 
deliegenden KF-Parameter damit in der Mitte der in 
Tabelle 2 angegebenen Wertepaare bewegen. 
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Book review 


Inorganic Chemistry of Main Group Elements 

R.B. King, VCH, New York, Weinheim, 1995, xix + 
326 pages, DM115 £46. 

ISBN 1-56081-679-1 

To write a graduate-level textbook on the inorganic 
chemistry of the Main Group elements is to accept a 
colossal challenge. The subject is so wide-ranging and 
the topics to be covered so diverse that any book which 
is reasonable in length must appear to be superficial. In 
devising courses at university level many of us take the 
easy way out and cover ‘selected topics’ which we 
consider to be interesting or topical, but this approach 
quickly becomes dated as fashions change. Professor 
Bruce King has adopted a different strategy. He has 
attempted to cover the whole subject including all the 
topics which he thinks are important. He bases his 
account on the Periodic Table, with chapters on hydro- 
gen, carbon, Si—Pb, nitrogen, P—Bi, chalogens, halo- 
gens and noble gases, boron, Al—TI, alkali and alkaline 
earth metals, Zn—Hg, lanthanides and actinides. This is 
classical inorganic chemistry, taught in a traditional 
manner, but brought thoroughly up-to-date by reference 
to work published up to 1993. In most chapters there 
are brief, well-conceived sections on organometallic 
chemistry. 

I think Professor King’s judgments about the relative 
importance of the subjects he has covered are sound. He 
has included an astonishing amount of information and 
his clear, concise style is easy to read. Anyone looking 
for an introduction to an aspect of Main Group chem- 
istry would do well to begin here. Inevitably, however, 
there is a breathlessness in the way the ground is 
covered; e.g. there is only one paragraph on gallium 
arsenide and only three on zeolites even though most 
university libraries have a shelf full of books on each 
topic. The size of Professor King’s book is kept within 
bounds in two ways. First there is an excellent bibliog- 
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raphy at the end of each chapter so that those wanting 
more know where to find it. Secondly the emphasis has 
been kept firmly on the descriptive, on facts rather than 
theory, on what happens rather than on why it happens. 
So there is little on what factors determine the relative 
stabilities of various oxidation states, on why some lone 
pairs are stereochemically active and others not, on 
thermochemical cycles, structural data or orbitals. Each 
chapter begins with a section entitled ‘general aspects’ 
including a good account of NMR-active nuclei for each 
element. This reflects the crucial part played nowadays 
by multinuclear NMR spectroscopy in studying the 
chemistry of Main Group elements. The other points are 
also mainly descriptive with little to relate the chemistry 
of the elements to the properties of their atoms. It is true 
that attempts to account for reactions and properties in 
this way are often simplified to the point where the 
explanations are facile and misleading, but the highly 
descriptive, systematic segregated approach which we 
find in this book tends to underplay the importance of 
trends in properties which inform much of the creative 
thinking of inorganic chemists. Since the author expects 
his readers to be familiar with fundamental ideas of 
chemical structure and bonding from previous courses 
perhaps this quibble does not matter too much. We are 
certainly given a well-balanced picture of the range and 
importance of Main Group chemistry and if this book 
encourages students to read widely and follow up par- 
ticular topics in detail it will have served its purpose 
well. 


J.D. Smith 

School of Chemistry and Molecular Sciences 
University of Sussex 

Brighton 

BN1 9QJ 
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